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ABSTRACT 
 
The competitive interactions of closely-related and ecologically similar species have long 
been considered an important topic in evolutionary ecology. These species interactions can 
have considerable effects on community composition and species distributions. Furthermore, 
ecological, behavioral, and morphological traits of species can be influenced by interactions 
with competitors. Throughout Ohio, two closely related and ecologically similar salamander 
species, Plethodon cinereus and P. electromorphus, occur in similar habitats and can be 
found in sympatry. Interestingly, the contact zone of these two species is much broader than 
has been observed in other pairs of Plethodon species that competitively interact. However, 
when these distributions are viewed at a finer scale, the two species do not always co-occur. 
 
I examined the interactions of P. cinereus and P. electromorphus through a variety of 
methods to better understand how the interactions between these two species lead to their 
distributions in Ohio. I found that in sympatry, both species were more aggressive towards 
individuals of the other species than when each was found in allopatry, indicating that the 
process of alpha-selection may have led to the evolution of enhanced aggressive behavior in 
sympatry. Within some sympatric areas, P. cinereus may be excluding P. electromorphus 
through these interference mechanisms. In addition, disturbance processes, such as flooding, 
may have sped up this process of competitive exclusion in areas where flooding occurred. 
These two species were using the same resources, both refuge sites and prey resources, which 
suggests that if these resources are limiting, they would compete for them. At different 
sympatric sites, morphology is evolving in different ways, such that these two species 
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become more divergent at some sites, more similar at some sites, and do not seem to be 
changing at other sites. Furthermore, morphological differences are associated with 
differences in food use across all the sites that were examined. 
 
The distribution and persistence patterns of sympatric localities between P. cinereus and 
P. electromorphus suggest that these species respond to community processes in complex 
ways. It appears that competitive interactions between these two species in sympatry can lead 
to the evolution of character displacement or competitive exclusion of one species (likely P. 
electromorphus). Additionally, at least one sympatric site appears to be stable where intense 
aggression may have resulted in interspecific territoriality. In this system, complex 
interactions of competition and disturbance are shaping the observed distribution patterns of 
these two species. While the results of my research have shed light on these species 
interactions, further studies could reveal the potential impacts that additional competitors or 
predators may have on these distributions. 
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CHAPTER 1. INTRODUCTION: COMPETITION AND SPECIES INTERACTIONS 
The Importance of Competition in Communities 
The competitive interactions of closely-related species have long been considered 
important determinants of community composition. Competition is thought to be an 
important influence in niche separation, specialization, and diversification of many species 
(Gause 1934, Connell 1980) and in a diverse array of ecological communities (reviewed in 
Schluter, 2000).  However, competition is not the only factor that can influence community 
structure. Predation is also an important factor that can determine which species occupy the 
same area (Bouskila 1995). In addition, disturbance, human-induced or natural, can influence 
species composition in communities (McNaughton 1977, Sousa 1979). The relative 
importance of each of these factors may vary in different communities (Menge and 
Sutherland 1976). These factors can also influence each other (Wiens 1977). Natural 
disturbance may interact with competition and predation (Picket and White 1985). For 
instance, when environments are harsh or disturbance is common, competition between 
species can be stronger than the effects of predation. Alternatively, competing species may 
coexist because disturbance reduces the rate of competitive displacement (Andrewartha and 
Birch 1954, Hutchinson, 1961, Wiens 1977). For example, in streams, frequent, 
unpredictable disturbance is thought by some to override competition (Diamond and Reice 
1985, Reice 1985). Therefore, while competition seems to be prevalent in many ecological 
systems, other factors should be examined in addition to competition to best understand 
community dynamics. 
Competition is expected to occur between closely related and ecologically similar 
species. Ecologically similar species likely use the same limited resources, resulting in 
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negative effects on these species (MacArthur 1972). In addition, the amount of overlap 
between the geographic ranges of closely related species is thought to depend, in part, on the 
extent to which similar species share the same habitat requirements and on the degree of 
competition between them. On one hand, closely related species tend to overlap more than 
expected by chance, suggesting that species’ distributions are more constrained by niche 
requirements and common ancestry than competition (Harvey and Pagel 1991, Letcher et al. 
1994). Conversely, this similarity may lead to intense competition and eventual exclusion 
resulting in rare co-occurrence of the two species (Bowers and Brown 1982). When species 
do co-exist, competition theory suggests that these species will possess characteristics that 
minimize competitive interactions among them (Hutchinson 1957, MacArthur and Levins 
1967). One potential outcome of competition is limiting niche overlap through ecological 
character displacement and resource partitioning (Brown and Wilson 1956). This limitation 
results in trait differences between species that are greater in sympatry relative to allopatry 
and a reduction in resource overlap (Losos 2000, Adams 2004). On the other hand, if species 
exhibit too much overlap and an inability to partition the niche, the superior competitor will 
gain access to more resources relative to the second species, resulting in local extinction of 
one species from its preferred habitat via competitive exclusion (Jaeger 1974). When 
examining the effects of competition, one can also consider the time scale in which 
competition has/is occurring (Connell 1980). For example, demonstration of aggressive 
behavior between species and negative associations between the distributions of species in an 
area can be evidence that interspecific competition is currently occurring. Alternatively, 
character displacement and niche separation could be evidence that competition has occurred 
long enough for evolutionary changes to occur. In theory, competitive interactions between 
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species should either result in character displacement (reduction in competition) or 
competitive exclusion (local extinction of one species). 
 
Competition and Territoriality 
Competition can occur through two mechanisms. Exploitative competition occurs 
through indirect interactions where an individual is affected by the amount of resources used 
by other individuals and the superior competitor in this case would be an individual who is 
better able to acquire these resources than others. Alternatively, competition can occur 
through interference mechanisms whereby individuals are physically prevented from 
obtaining resources by other individual (Miller 1967). In this case, the superior competitor 
would be an individual that is better able to defend or protect a resource from other 
individuals. With the latter mechanism, aggression is a key characteristic in being able to 
deter other individuals from a defended resource.  
Competition often occurs in the form of territoriality. A territory is “any defended area 
containing some limited resource that is necessary for the survival and reproduction of the 
organism” (Brown and Orians 1970). Territories can further be defined to be an area that is 
used exclusively by an individual or group of individuals (Pianka 1974). Specifically, for 
territoriality in salamanders, several criteria should be demonstrated: (1) a salamander must 
show attachment to a specific site; (2) this site should be advertised by the salamander as its 
territory; (3) the territory holder should aggressively defend its territory with (4) a high 
probability of excluding competitors (Gergits 1982). Advertising and aggressive defense are 
mechanisms for interference competition. Adults of P. cinereus have met all the requirements 
for a territorial species (Gergits 1982). 
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While the benefits of holding a territory may be access to resources or mates, costs are 
also associated with maintaining territories. For example, the territory owner must spend time 
and energy in preventing other individuals from entering the territory. While the costs of 
advertising a territory may be low, costs of injury during territorial contests can be high for 
the territorial resident as well as an intruder (Jaeger 1981). Territorial behavior would be 
beneficial if individuals who maintain the territory are more successful at surviving and 
reproducing than individuals who do not have a territory (Brown and Orians 1970). 
Many animals that display intraspecific territoriality are also known to display aggressive 
behaviors towards competitors of other species (Orians and Willson 1964, Cody 1969, 
Nishikawa 1987, Hickerson et al. 2004). When interspecific competition is more intense than 
intraspecific competition, several changes in community characteristics may occur, including 
competitive exclusion and habitat or resource partitioning leading to character displacement 
(Lack 1944, Brown and Wilson 1956). In addition, alpha-selection may influence the 
evolution of interference mechanisms in competing species. Alpha-selection is defined as 
natural selection for characteristics that improve competitive ability, such as aggressive 
behavior, under conditions of interspecific competition (Gill 1972, 1974). Therefore, alpha-
selection may result when the form of competition is interference rather than exploitation 
(Gill 1974). 
Interspecific competition can also influence geographic patterns of species distributions 
(Strong et al. 1984). Non-random co-occurrence patterns (aggregation and segregation) are 
often interpreted as being the result of some ecological process. Negative associations 
(segregation) occur when competition is an important factor in the ecological interactions of 
species. However, species co-occurrence patterns alone are not usually sufficient to 
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demonstrate that competition is occurring (Hastings 1987) because multiple forces could 
generate similar patterns. Therefore, to infer that interspecific competition has generated a 
lack of co-occurrence, one must corroborate this pattern using other types of data. If 
independent evidence of competition is observed in addition to nonrandom co-occurrence 
patterns, then the hypothesis that competition is occurring is strengthened.  
 
Study System: Plethodon salamanders 
I chose to study competition within the genus Plethodon because a great deal is known 
about their distributions and evolutionary relationships. In addition, behavior and competition 
are well understood in some species and within some communities that contain these 
salamanders. Interestingly, there is still much that can be learned about competition and 
community dynamics by continuing to study this group of organisms. 
Males and females of P. cinereus are territorial and aggressively defend their territories in 
intraspecific encounters (Mathis 1991, Jaeger and Forester 1993). These territories 
encompass the area under and around cover objects on the forest floor (Jaeger 1981, Jaeger et 
al. 1995, Mathis 1991), which provide a source of food and moisture during dry conditions 
when both are critical for survival (Jaeger et al. 1981, Mathis, 1990). There is considerable 
evidence that interference competition occurs for these cover objects (e. g., Jaeger et al. 
1982, Mathis 1990, Griffis 1993). While most of the studies examining intraspecific 
territoriality have shown high levels of aggression, these studies have primarily occurred in 
Virginia, in the southern extent of the range of P. cinereus. In contrast, studies in the northern 
portion of the species’ range have shown low levels of aggression and a greater degree of 
aggregation of individuals within an area presumably due to greater availability of resources 
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(Wise 1995, Quinn and Graves 1999). Therefore, even within this one Plethodon species, P. 
cinereus, geographic variation exists in the amount of aggression and territoriality. 
Interspecific competition seems to be widespread throughout the genus. Much of the 
interest in interactions between species within the Plethodon genus began with work by 
Highton (1962, 1972), who described the distributions of terrestrial salamanders in the 
eastern United States. These studies show that similar species within the genus Plethodon are 
geographically distributed in a pattern of contiguous allopatry. From these studies, many 
others began to examine these distributions and the interactions of parapatric and sympatric 
species. Competition within these species pairs has influenced behavioral and ecological 
characteristics and is discussed below for several species pairs. In addition, examinations of 
competition between salamanders and unrelated genera have also shown similar patterns. 
Below, I highlight several systems in which various aspects of species interactions have been 
investigated (within Plethodon and between P. cinereus and unrelated species). 
One pair of sympatric species that has been extensively examined is P. cinereus and P. 
shenandoah. These two species occur in sympatry along very narrow mid-elevation areas in 
the Shenandoah Mountains in Virginia. Previous studies have suggested that P. cinereus is 
competitively superior to P. shenandoah and restricts the range of P. shenandoah to talus 
slopes where habitat is suboptimal (Jaeger 1972) and at least one population of P. 
shenandoah has become locally extinct (Jaeger 1970). While there is strong ecological and 
behavioral evidence of interspecific competition between P. cinereus and P. shenandoah 
(Jaeger 1971, 1972), it appears that an ecological displacement, rather than character 
displacement or niche shift, has occurred where the talus has represented a refuge from 
competition for P. shenandoah that P. cinereus cannot invade (Myers and Adams 2008). 
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These studies suggest that competitive exclusion best defines the community interactions of 
these two species (Jaeger 1974, Myers and Adams 2008). 
Plethodon cinereus and P. hoffmani co-occur over a narrow sympatric area along the 
parapatric distributions of each species (Highton 1972). Adams and Rohlf (2000) found that 
the evolution of morphological divergence has occurred within sympatric areas due to 
resource partitioning as a result of competitive interactions. Additionally, P. cinereus is more 
aggressive towards heterospecific intruders than is P. hoffmani, suggesting that P. cinereus 
may be competitively superior due to a higher level of aggression and could eventually 
exclude P. hoffmani from desired habitats (Jaeger et al 2002). However, these species may 
co-exist in stable sympatric areas because, while P. cinereus is aggressively superior, P. 
hoffmani may be exploitatively superior (Adams 2000; Adams and Rohlf 2000; Jaeger et al 
2002). 
The distributions of P. hubrichti and P. cinereus are parapatric with only a very narrow 
area of sympatry (Pague and Mitchell 1990). Since the distribution of P. cinereus 
encompasses that of P. hubrichti, Highton (1972) and Jaeger (1974) suggested that P. 
cinereus was restricting the distribution of P. hubrichti through interspecific competition. 
However, while P. cinereus is aggressive, P. hubrichti has also been shown to be aggressive 
(Thurow 1976) and even more so than P. cinereus (Wicknick 1995). Therefore, the above 
hypothesis was not supported. Recently, Arif et al. (2007) examined these interactions in 
combination with environmental variation, finding that the distribution pattern is likely due 
to P. hubrichti restricting P. cinereus through interference mechanisms, whereas P. hubrichti 
is limited from expanding its range due to climatic restrictions. Interestingly, morphological 
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characters showed a pattern of convergence and were associated with climatic variables (Arif 
et al. 2007). 
Two large species of Plethodon, P. teyahalee and P. jordani, occur in areas of sympatry 
within the Great Smoky Mountains and the Balsam mountains. In the Great Smoky 
Mountains, the sympatric area is very narrow and interspecific competition is more intense 
within this population (Hairston 1980a, 1980b). Behavioral studies examining the 
interactions of these two species suggest that alpha-selection, selection for improved 
competitive ability under conditions of interspecific competition, has occurred within P. 
teyahalee in the Smokies due to the intense interspecific competition in that sympatric area 
(Nishikawa 1985, 1987). Furthermore, character displacement in sympatry has been 
demonstrated for this species pair (Adams 2004). In most cases, character displacement 
occurs when species compete exploitatively and usually for food resources. Interestingly, 
character displacement is associated with behavior in these species and is likely due to 
interference competition in sympatry (Adams 2004).  
Species interactions among salamanders have shown that interspecific territoriality may 
be common. In addition, this territorial behavior is also exhibited toward unrelated taxa. For 
example, P. cinereus exhibits aggressive behavior towards species of centipedes and 
individuals of both of these species are spatially segregated in the field (Hickerson et al. 
2004, Anthony et al. 2007). Furthermore, individuals of P. cinereus and Platynus tenuicollis 
(a species of carabid ground beetle) interact aggressively in a manner that suggests 
interspecific resource competition as well as intraguild predation (Gall et al. 2003). 
A variety of outcomes due to competition have been demonstrated within Plethodon 
species pairs including character divergence, competitive exclusion, and alpha-selection. In 
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addition, interactions with the habitat and with species outside of the focal genus also impact 
the characteristics of the species within Plethodon.  
 
Study System: Plethodon cinereus and Plethodon electromorphus 
Plethodon cinereus is widely distributed across the northeastern United States (Fig. 1.1) 
and is found in deciduous, northern conifer, and mixed forests (Petranka 1998). Individuals 
can be found under rocks and logs during the day and are active on moist nights when they 
forage for small invertebrates (Jaeger 1972). As discussed above, much is known about intra- 
and interspecific territoriality in this species. Conversely, much less is understood about the 
behavior of P. electromorphus. Highton (1999) identified P. electromorphus as being a 
distinct species to its sister species, P. richmondi. The habitat preferences for P. richmondi 
are similar to P. cinereus, but P. richmondi is known to prefer rocky habitats (Petranka 
1998). In comparison to the distribution of P. cinereus, P. electromorphus has a smaller 
distribution, but compared to many small Plethodon species, its distribution can be 
considered wide ranging (Fig 1.2).  
Plethodon cinereus and P. electromorphus represent an interesting study pair because 
compared to other species pairs that have been examined within small Plethodon 
salamanders, which have parapatric distributions or very narrow sympatric areas, the contact 
zone of these two species is very broad. The overlap can be viewed on a coarse scale by 
examining the counties in Ohio where each occurs (Fig. 1.3). This coarse view suggests a 
high degree of overlap between their ranges. However, when viewed at a finer scale, the two 
species do not always co-occur. An example of this fine scale difference can be viewed when 
examining species co-occurrence in townships (geographical subdivisions of counties) (Fig. 
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1.4). The geographic distributions of P. cinereus and P. electromorphus may more accurately 
be described as an interdigitation of distributions, meaning that allopatric locations of each 
species are more commonly found than sympatric locations. The higher frequency of 
allopatric areas compared to sympatric areas within the overlap zone may indicate that 
sympatry is not stable. This broad overlapping indicates that co-occurrence may be common; 
however, initial examination of the occurrence of sympatry revealed that sites where both 
species occurred were not ubiquitous across this overlap in their ranges. This indicates that 
competition may be a factor in determining the local-scale distributions of these species. 
Therefore, the scale, fine or coarse, at which species distributions are examined will change 
interpretations about the extent of co-existence between P. cinereus and P. electromorphus.  
I suggest three possible scenarios in regard to the sympatric condition of P. cinereus and 
P. electromorphus. First, these two species co-exist in stable sympatric sites indicating that 
no competition is currently occurring either due to sufficient resources or resource 
partitioning. Second, transient co-occurrence of these two species where sympatric sites are 
unstable and exclusion of one of the species will eventually occur at these sites. Third, a 
combination of these outcomes may occur at different sympatric sites according to other 
factors that may influence the outcome. These other factors could be a variety of 
characteristic such as presence of different predators, frequency or type of disturbance, as 
well as abundance of resources. 
 
Dissertation Organization 
In this dissertation, I used similar methods discussed above to better understand the 
interactions between P. cinereus and P. electromorphus. In chapter 2, I studied the behavior 
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of allopatric animals (1) to document how individuals interact within species so I can 
understand behavior in the absence of the other species and (2) to determine how individuals 
interact interspecifically when the other species is a “novel” type of individual. In chapter 3, I 
examined the behavior of sympatric salamanders as well as allopatric salamanders and tested 
the hypothesis of alpha-selection. In chapter 4, I looked in detail at sympatric sites over time 
to determine whether competitive exclusion may be occurring at these sites and whether 
disturbance has any influence on exclusion. Finally, in chapter 5, I tested whether sympatry 
between these two species is random or whether sympatry occurs less than expected by 
chance which would indicate competition between them. Moreover, in chapter 5, I 
determined for which resources these species may be competing and how competition may 
influence the evolution of morphological characters. 
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Figure 1.1.  Geographic distribution of Plethodon cinereus is shown in the area with diagonal 
lines. Map was adapted from the Global Amphibian Assessment data base (IUCN, 2006). 
 
Figure 1.2. Geographic distribution of Plethodon electromorphus is shown in the area with 
diagonal lines. Map was adapted from the Global Amphibian Assessment data base (IUCN, 
2006). 
 
Figure 1.3. Geographic distributions of Plethodon cinereus and P. electromorphus in Ohio 
(maps adapted from Ohio Department of Transportation, 2007, using collection data in 
Pfingston and Matson, 2003). Counties where only P. cinereus was found are shown in light 
gray, counties where only P. electromorphus was found are shown in dark gray, and 
sympatric counties are shown in black. White counties represent areas where neither species 
was found. 
 
Figure 1.4. Geographic distributions of Plethodon cinereus and P. electromorphus in Ohio 
showing township boundaries (maps adapted from Ohio Department of Transportation, 2007, 
using collection data in Pfingston and Matson, 2003). Townships where only P. cinereus was 
found are shown in light gray, townships where only P. electromorphus was found are shown 
in dark gray, and sympatric townships are shown in black. White townships represent areas 
where neither species was found.
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ABSTRACT: Interspecific competition between closely-related and ecologically similar 
species may limit geographic ranges and fine-scale sympatry, especially when one species is 
aggressive toward another species. Throughout Ohio, two closely-related salamander species, 
Plethodon cinereus and P. electromorphus, can be found in similar habitats. While the 
distributions of the two species overlap generally through much of this region, a finer-scale 
examination of their distributions indicates that many areas within the zone of sympatry 
contain only one or the other species. This geographic pattern suggests that the two species 
are interacting. In this study, we examined the behavioral responses of individuals from 
allopatric populations of both species to provide an initial understanding of their interactions. 
This study represents interactions between ‘novel’ biotic stimuli, as individuals from 
allopatry have not previously encountered members of the congeneric species. We found that 
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allopatric populations of P. electromorphus exhibited all typical behaviors recorded in other 
Plethodon species and that both species from Ohio exhibit aggressive behavior. We found 
that when animals were tested in intraspecific trails, P. cinereus is more aggressive than P. 
electromorphus and that P. electromorphus is more submissive than P. cinereus. However, 
these two species do not differ in behavior during interspecific trials, except that P. 
electromorphus spends more time in escape behavior (EDGE). Therefore, we conclude that 
P. electromorphus would act submissively if encountering P. cinereus for the first time in the 
field. These results imply that P. electromorphus may not be able to expand its range into 
areas occupied by P. cinereus, and, in turn, P. cinereus may be able to successfully expand 
its range into areas presently occupied by P. electromorphus.  
Key words: Aggression; Competition; Plethodon cinereus; Plethodon 
electromorphus; Salamander; Territoriality 
 
THE COMPETITIVE interactions of closely-related species have long been considered 
important determinants of community composition. Both field and laboratory experiments 
have documented the prevalence of interspecific competition across a diverse array of 
ecological communities (reviewed in Schluter, 2000), and have shown how species 
interactions can affect local adaptation and patterns of evolutionary diversification (Adams, 
2004; Jastrebski and Robinson, 2004; Schluter and McPhail, 1992). Species interactions can 
also limit species geographic boundaries and the extent of distributional overlap among 
competitors (Hairston, 1949, 1980a,b; Jaeger, 1970). Under some circumstances, spatial 
gradients in competitive ability can lead to abrupt shifts in competitive dominance, resulting 
in sharp parapatric distributions with limited geographic overlap of competitors (Bull, 1991; 
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Case et al., 2005). Therefore, behavioral interactions between closely-related species may 
regulate the extent of distributional overlap between them and when species interactions 
occur, sharp boundaries delimiting species ranges may result.  
Both ecological theory and empirical research suggest that behavioral interactions can 
have an appreciable effect on species co-occurrence patterns. While determining the effects 
of behavioral interactions in the field is difficult (but see Griffis and Jaeger, 1998), 
examining behavioral responses of potential competitors in controlled laboratory and semi-
controlled field experiments provides considerable insight into how behavioral interactions 
within and between species affect community composition. In recent years, salamanders of 
the genus Plethodon have become a model system for studying behavioral interactions. 
These terrestrial salamanders are widely distributed in the forests of eastern and western 
North America, and extensive ecological research suggests that interspecific competition 
may be widespread (Anthony et al., 1997; Marshall et al., 2004). Some species in this genus 
develop territories under and around cover objects on the forest floor (Jaeger, 1981; Jaeger et 
al., 1995; Mathis, 1991), which provide a source of food and moisture during dry conditions 
when both are critical for survival (Jaeger et al., 1981; Mathis, 1990). In addition, 
salamanders defend their territories in intraspecific encounters (reviewed in Jaeger and 
Forester, 1993).  
Territorial aggression between individuals of different salamander species has been 
demonstrated for several ecological communities (Anthony et al., 1997; Jaeger, 1970; 
Nishikawa, 1985), and in some instances, it appears to have restricted the geographic ranges 
of species that are potential competitors (Hairston, 1980a; Jaeger, 1970). Most of our 
knowledge of interspecific competition in Plethodon is found between species whose contact 
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zones are quite narrow (<500m), and in many locations are parapatric (Highton, 1995). These 
include territorial aggression between small-bodied species of Plethodon: (1) P. cinereus vs. 
P. shenandoah (Griffis and Jaeger, 1998; Jaeger, 1970), (2) P. cinereus vs. P. hubrichti (Arif 
et al., 2007; Wicknick, 1995), (3)  P. cinereus vs. P. hoffmani (Adams, 2000; Adams and 
Rohlf, 2000; Jaeger et al., 2002), (4) P. cinereus and P. nettingi (Adams et al., 2007) and 
between large-bodied species of Plethodon: (1) P. jordani vs. P. teyahalee (Hairston, 1980a; 
Nishikawa, 1985), (2) P. albagula vs. P. ouachitae (Anthony et al., 1997), (3) P. kentucki vs. 
P. glutinosus (Marvin, 1998). By contrast, we know much less about species interactions 
where the distributions of species overlap across a large geographic area.  
In southeastern Ohio, the geographic overlap between P. cinereus and P. electromorphus 
is considerably greater than what exists between other species in the P. cinereus species 
complex suggesting sympatry at the coarse geographic scale (Fig. 1.3). However, when 
viewed at a finer scale, the two species do not always co-occur. An example of this fine scale 
difference can be viewed when examining species co-occurrence in townships (geographical 
subdivisions of counties) (Fig. 1.4). The geographic distributions of P. cinereus and P. 
electromorphus may more accurately be described as an interdigitation of distributions, 
meaning that allopatric locations of each species are more commonly found than sympatric 
locations. The higher frequency of allopatric areas compared to sympatric areas within the 
overlap zone may indicate that sympatry is not stable. Therefore, the scale, fine or coarse, at 
which species distributions are examined will change interpretations about the extent of co-
existence between P. cinereus and P. electromorphus. 
Plethodon cinereus is known to exhibit variation in levels of territoriality and aggression 
across its range. Individuals in Virginia exhibit high levels of aggression, while individuals in 
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Michigan exhibit very little aggression (Quinn and Graves, 1999; Wise, 1995). Ohio is 
intermediate geographically, but the amount of aggression that individuals express in this 
area is unknown. In addition, P. cinereus has been shown to exhibit aggression towards 
unrelated competitors (beetles: Gall et al., 2003; centipedes: Anthony et al., 2007, Hickerson 
et al., 2004). While considerable information is known about the ecology and behavior of P. 
cinereus, little is known about P. electromorphus. Plethodon electromorphus was described 
on the basis of genetic data to be distinct from its sister species, P. richmondi (Highton, 
1999). An anecdotal study of P. richmondi suggested that this species is considerably less 
aggressive and less territorial relative to other species of Plethodon (Thurow, 1975). Jewel 
(1991) compared the behavior of P. electromorphus to P. cinereus from northwestern West 
Virginia, but small sample sizes precluded statistical analyses and firm conclusions about 
behavioral differences between the two species could not be made. Therefore, the occurrence 
of these two species in Ohio provides a unique opportunity to document the behavioral 
interactions of species that show a large distributional overlap with little fine-grained 
sympatry. By examining behavior of allopatric animals, we can better understand the 
behavioral interactions between these two species if individuals of allopatric populations 
should meet during novel encounters.  
In this study, we investigated the behavior that would occur when individuals of P. 
cinereus and P. electromorphus encounter each other during novel interactions, as would 
happen if individuals of one species tried to invade an area occupied by the other species. We 
used individuals of both species collected from allopatric sites (areas within townships that 
are contiguous geographic localities where only P. cinereus or P. electromorphus can be 
found) to address this question. To understand the behavior of each species in Ohio, we have 
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two descriptive objectives. These objectives were (1) to determine whether P. 
electromorphus exhibits similar aggressive and submissive behaviors as other species of 
Plethodon (behaviors are described below) and (2) whether P. cinereus in Ohio exhibits 
similar levels of aggression recorded in other areas of its range. We then tested four specific 
hypotheses. First, we examined intraspecific interactions testing the hypotheses that (1) 
allopatric residents of P. cinereus are more aggressive intraspecifically than are allopatric 
residents of P. electromorphus, and (2) allopatric residents of P. electromorphus are more 
submissive intraspecifically than allopatric residents of P. cinereus. Second, we studied 
interspecific interactions by testing the hypotheses that (3) allopatric residents of P. cinereus 
are more aggressive interspecifically, and (4) allopatric residents of P. electromorphus are 
more submissive. While the first and second hypotheses and the third and fourth hypotheses 
are related, one hypothesis does not automatically follow from the other. For example, 
individuals of one species may show more aggressive behavior than individuals of the other 
species, while the frequency of submissive behaviors is similar between the two. Therefore, 
we specifically tested four separate, but related hypotheses. Collectively, the results for these 
four hypotheses inform on the species interactions that may occur in a natural setting. 
 
MATERIALS AND METHODS 
Collection and Maintenance 
We obtained salamanders during a series of daylight collecting trips on 16–20 October 
2005. Individuals of Plethodon cinereus were obtained from a forested site 52 km west of 
Youngstown in Ellsworth Township, Mahoning County, Ohio, U.S.A. (40º 46’ 04” N; 80º 
43’ 37” W). Individuals of P. electromorphus were collected from a forested site 26 km north 
30 
 
  
of Cambridge in Liberty Township, Guernsey County, Ohio, U.S.A. (40º 09’ 04” N; 81º 35’ 
02” W). We collected 24 females and 29 males of P. cinereus and 27 females and 25 males 
of P. electromorphus. Animals were housed in circular Petri dishes (9 × 1.5 cm) with a 
substrate of filter paper dampened with distilled water. Salamanders were transported to 
Ames, Iowa in coolers for temperature control. After the experiments were conducted, we 
euthanized the salamanders using MS222.  
In the laboratory, salamanders in their individual Petri dishes were placed in a refrigerator 
and stored at 18 - 21 C on a 12:12 h light:dark cycle. Salamanders were maintained for 32 
days prior to the onset of the experiments. During this time, we fed the salamanders 10 - 15 
Drosophila once per week, moistened the filter paper three times weekly, and replaced filter 
paper as needed. With the exception of four animals, salamanders ate well and remained 
healthy during the acclimation period. Behavioral experiments were initiated in late 
November 2005. Between experiments, salamanders were kept on the same care schedule as 
stated above. 
We determined the sex of each salamander by visual inspection of the facial region. 
Males were identified by square snouts and large nasolabial glands; females were identified 
by rounded snouts; gravid females were identified by the presence of eggs visible through the 
abdominal wall (Dawley, 1992). Snout - vent lengths (SVL) were measured to the nearest 0.1 
mm using Brown and Sharpe Mark IV digital calipers (P. cinereus: nongravidX = 40.1mm + 4.2 
SD, gravidX = 43.5 + 3.0, maleX = 41.4 + 3.7; P. electromorphus: nongravidX = 36.3 + 5.1, 
gravidX = 44.8 + 5.2, maleX = 47.3 + 5.1). Only adult salamanders (SVL > 32 mm; Saylor, 
1966) were used in behavioral experiments. Salamanders were used only once during each 
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experiment. Resident salamanders during experiment 1 were the same individuals as resident 
salamanders during experiment 2. For all experiments, salamanders were randomly assigned 
to resident or intruder groups. Then residents and intruders were randomly paired, with the 
constraint that pairs were of the same sex (male, gravid female, and nongravid female) and 
were sized-matched in an effort to reduce the fighting advantage of larger animals (Mathis, 
1990). Residents and intruders were not significantly different in size ( Resident IntruderX X− = -
0.1 + 3.4; T = -0.39, P = 0.70, df = 86, NS).  
 
Experiment 1: Intraspecific Interactions 
In the first experiment, we examined intraspecific interactions for each species. 
Behavioral trials were conducted from 22 November - 9 December 2005. On day 1, we 
randomly selected one salamander from each intraspecific pair (P. cinereus: n = 23; P. 
electromorphus: n = 24) to be the ‘resident’ and placed it into a transparent Nunc bioassay 
chamber (24 × 24 × 2 cm) lined with a paper towel moistened with distilled water and with a 
transparent lid. We allowed each resident to establish a territory by marking the substrate 
with its pheromones for 7 d (Horne and Jaeger, 1988; Jaeger et al., 1986; Wise and Jaeger, 
1998).  The other member of the pair was termed the ‘intruder’ and remained in a circular 
Petri dish (15 × 1.5 cm). We fed residents and intruders on days 2 and 5, and moistened filter 
paper as needed. On day 8, a conspecific intruder was introduced into the resident’s chamber 
using clear polyethylene tubing to reduce stress of handling. Each trial began when the 
intruder entered the resident’s chamber. We recorded resident and intruder behavioral 
patterns (described below) for 900 s (15 min). These observations were made under dim 
illumination (60-W bulb reflected off a white tile floor). All trials were conducted during 
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daylight hours (0900 - 1800 h) and within a temperature range of 18 - 24 C. After the 
experiment, we placed residents and intruders into Petri dishes (15 × 1.5 cm circular) and 
resumed the care schedule described above.  
To quantify aggressive and submissive behaviors, we used a set of behaviors that are 
commonly exhibited by Plethodon during encounters. These behaviors were described by 
Jaeger (1984) and used to evaluate aggressive and submissive behavior among competitors. 
Specifically, we recorded the total time in seconds that residents spent in all-trunk-raised 
(ATR) threat posture, flat (FLAT) submissive posture, and edge behavior (EDGE), and the 
number of bites administered to the intruder. EDGE occurs when the salamander walks along 
the periphery of the experimental chamber with its snout or part of its body pressed or 
tapping against the side of the chamber; it is presumed to be an attempt to escape from the 
chamber (Wise and Jaeger, 1998).  
To address our first descriptive objective, we examined whether P. electromorphus 
exhibits similar aggressive and submissive behaviors as other Plethodon, by comparing our 
observations with the behavioral descriptions by Jaeger (1984). We then qualitatively 
compared the time that P. electromorphus spent in ATR to previous studies of Plethodon to 
determine if P. electromorphus exhibited ATR at comparable frequencies to other species. 
Regarding our second objective, we included P. cinereus in this comparison to determine if 
its level of aggression compared to published records for other populations of P. cinereus.  
To test our first two hypotheses, whether P. cinereus was more aggressive and whether P. 
electromorphus was more submissive during intraspecific encounters, we recorded time 
spent in ATR, FLAT, and EDGE behaviors and the frequency of bites (bites/trial) during 
intraspecific interactions. We analyzed our results by (1) using a two-tailed Wilcoxon Rank-
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Sum test (Z) with a sequential Bonferroni correction (Rice, 1989, 1990) to compare the time 
residents of P. cinereus and residents of P. electromorphus spent in ATR, FLAT, and EDGE 
and (2) using a two-tailed Wilcoxon Rank-Sum test (Z) to compare the frequency of bites 
administered by residents of each species.  
 
Experiment 2: Interspecific Interactions 
In the second experiment, we examined interspecific interactions between the two 
species. Behavioral trials were conducted from 3 - 20 January 2006 allowing time for the 
animals to become reacclimated to laboratory conditions. Residents from the first experiment 
were also used as residents during interspecific trials, but were paired with a heterospecific 
intruder. However, our second experiment contained fewer trials (P. cinereus as resident: n = 
20; P. electromorphus as resident: n = 20), because one resident of each species died between 
the first and second experiments and because the two smallest P. cinereus and three largest 
P. electromorphus were excluded due to size asymmetry making it impossible for us to 
assign them to matched pairs. The remaining experimental protocol was identical to that 
described for the intraspecific trials (in experiment 1), with the exception that heterospecific 
intruders were introduced rather than conspecifics.  
To test our third and fourth hypotheses regarding differences in behavior during 
interspecific encounters, we compared interspecific encounters in the same manner described 
above for intraspecific encounters. 
 
RESULTS 
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Salamander behavior did not correlate with time of day or temperature in which they 
were tested (results not shown). Regarding our first descriptive objective, we observed P. 
electromorphus performing all the typical Plethodon behaviors described in Jaeger (1984). 
By addressing our second objective, we also observed P. cinereus exhibiting aggressive 
behaviors at rates comparable to other studies (discussed below).  
When testing our first two hypotheses, comparing behavior of residents of P. cinereus 
and P. electromorphus during intraspecific trials (experiment 1), residents of P. cinereus 
spent significantly more time in ATR than did residents of P. electromorphus (Table 2.1). 
Furthermore, P. electromorphus spent significantly more time in FLAT behavior and EDGE 
behavior than residents of P. cinereus (Table 2.1). Residents of P. cinereus and P. 
electromorphus did not differ in the frequency of bites (Table 2.1). 
To address our third and fourth hypotheses, we compared behavior of residents of P. 
cinereus to that of residents of P. electromorphus behavior when presented with a 
heterospecific intruder (interspecific trials: experiment 2). Residents of P. cinereus and 
residents of P. electromorphus did not differ in the amount of time they spent in ATR or 
FLAT and did not differ in the frequency of bites during interspecific trails (Table 2.2). 
Conversely, they did significantly differ in the amount of time spent in EDGE behavior 
(Table 2.2). 
 
DISCUSSION 
In this study, we examined the behavioral interactions of adults of two salamander 
species whose geographic overlap is considerably greater than what is seen among other 
species in the P. cinereus species complex. We compared the behavior of P. cinereus and P. 
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electromorphus with two descriptive objectives and four specific hypotheses. Our two 
objectives were in regard to the general behaviors of both species. Plethodon electromorphus 
exhibited all behaviors typical of Plethodon during intraspecific and interspecific behavioral 
trials (Objective 1). The range of mean time spent in ATR (during 900 s) from other studies 
using Plethodon is 0 s to 757 s (P. cinereus, 12 s to 757 s: Jaeger et al., 2002; Nunes and 
Jaeger 1989; Wicknick, 1995; Wise and Jaeger, 1998; Wise 1995; this study; P. hoffmani, 0 s 
to 8 s: Jaeger et al., 2002; and P. hubricti, 90 s to 113 s: Wicknick, 1995). When compared to 
other congeners, P. electromorphus seemed to exhibit ATR at the lower end of the range of 
this genus in general. Similarly, our population of P. cinereus exhibited ATR at comparable, 
but lower rates to most other populations (Objective 2). This implies that, similar to 
salamanders in other geographic locations, salamanders in this region used aggressive 
behavior in their behavioral encounters, but perhaps at a lower frequency.  
Our four hypotheses examined the behavioral interactions of P. cinereus and P. 
electromorphus. Our first two hypotheses concerning intraspecific encounters were 
supported, because we found that P. cinereus was more aggressive towards conspecific 
intruders than P. electromorphus, and P. electromorphus was more submissive towards 
intruders. However, our third and fourth hypotheses were not supported. Plethodon cinereus 
and P. electromorphus did not differ in aggression or in FLAT behaviors during interspecific 
trials, but we found that P. electromorphus did exhibit escape behavior more frequently than 
P. cinereus.  
Understanding the allopatric behaviors of each of these species is important, as levels of 
behavioral aggression among populations of Plethodon are known to vary by geographic 
locality (Nishikawa, 1985; Wise, 1995). Within P. cinereus, some populations such as those 
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found at Hawksbill Mountain, Virginia, are highly aggressive (Griffis and Jaeger, 1998; 
Jaeger, 1970; Wise, 1995), while other populations, such as those in the upper peninsula of 
Michigan, are considerably less aggressive and apparently less territorial (Quinn and Graves, 
1999; Wise, 1995). Qualitatively, our population represents intermediate levels of aggression 
when compared to some other populations of P. cinereus (Wise, 1995).  
Plethodon electromorphus exhibited more submissive behavior compared to P. cinereus. 
In general, Plethodon is considered to be aggressive and territorial (Jaeger and Forester, 
1993). Nevertheless, variation in levels of aggression and territoriality within and between 
species has been identified. Within the P. cinereus species group, several species exhibit 
relatively low levels of aggressive behavior (P. electromorphus: this study; P. hoffmani: 
Jaeger et al., 2002; P. nettingi and P. richmondi: Thurow, 1975), while other species exhibit 
relatively high levels of aggressive behavior (P. hubrichti: Arif et al., 2007; Wicknick, 1995; 
P. serratus: Camp, 1999; P. shenandoah: Griffis and Jaeger, 1998).  
Interspecific interactions in our study represent the situation in which an individual of 
each species encounters an individual of the other species for the first time; in other words, it 
is a ‘novel’ interaction. Because neither species was significantly more aggressive 
interspecifically than the other, we encounter difficulty when predicting which species would 
be the ‘winner’ of novel interactions. Conversely, our data (EDGE) suggest that P. 
electromorphus would be more submissive in natural habitats. The aggressive superiority of 
P. cinereus suggests that it may be competitively superior (Jaeger et al. 2002). Therefore, we 
cautiously predict that P. cinereus would be the ‘winner’ during these interactions. To 
increase our understanding of the behavioral interactions between these two species in the 
field, we can also examine their behavior when found sympatrically. Behavioral experiments 
37 
 
  
on other pairs of sympatric Plethodon have shown heightened aggression (alpha selection 
sensu Gill, 1974) associated with interspecific interactions (Nishikawa, 1985). If these results 
are comparable to our species pair, we hypothesize that individuals from sympatric sites may 
exhibit heightened aggression towards congeners due to familiar competition (e.g., prior 
experience) with congeneric individuals. Alpha-selection is not universal in sympatric 
Plethodon, however, as other species pairs do not follow this pattern. For example, although 
P. kentucki and P. glutinosis exhibit aggression towards conspecifics and heterospecifics, 
intense aggression occurs only towards conspecifics, presumably because intraspecific 
competition is greater than interspecific competition (Marvin, 1998). In this situation, 
intraspecific aggression may facilitate coexistence of competing species (Genner et al., 
1999). Understanding the interactions within sympatric sites will be important in determining 
the extent of competitive interactions between these two species. 
In summary, we draw the following inductive inferences: (1) P. electromorphus exhibits 
typical behaviors and is intermediate relative to other Plethodon species in the level of 
aggression exhibited; (2) P. cinereus is intermediately aggressive relative to other 
populations of P. cinereus; (3) P. cinereus is intraspecifically more aggressive than P. 
electromorphus, but this is not true for interspecific interactions; (4) P. electromorphus is 
more submissive than P. cinereus in intraspecific behavioral interactions and in edging 
behavior during interspecific encounters. Further studies are needed to determine if 
competition influences the behavioral interactions between these two species. We now have a 
better understanding of the aggressive behaviors P. cinereus and P. electromorphus in 
allopatric zones and the interactions that could occur if these species were to come into 
contact for the first time. When strong species interactions occur, these interactions are 
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expected to generate sharp boundaries delimiting species ranges; however, other factors may 
influence presence or absence of species at specific locations and the amount of range 
overlap between them. 
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TABLE 2.1. Average time (sec) spent by residents in ATR, FLAT, EDGE and frequency of 
biting (bites/trial) during intraspecific trials (experiment 1). 
Behavior Resident
P. electromorphus P. cinereus
mean range mean range Z P
ATR 10.5 0-101 64.4 0-387 1.69 0.046*
FLAT 426.8 0-900 178.7 0-9 2.88 0.002*
EDGE 62.6 0-478 13.6 0-851 2.02 0.022*
Bites 0.25 0-2 0.86 0-9 0.54 0.587
*Significant difference with sequential Bonferroni
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TABLE 2.2. Average time (sec) spent by residents in ATR, FLAT, EDGE and frequency of 
biting (bites/trial) during interspecific trials (experiment 2). 
Behavior Resident
P. electromorphus P. cinereus
mean range mean range Z P
ATR 27.3 0-150 75.3 0-526 0.49 0.142
FLAT 330.6 0-286 134.3 0-811 2 0.034
EDGE 57.4 0-900 5.6 0-80 2.42 0.002*
Bites 0.052 0-1 0.3 0-4 0.58 0.564
*Significant difference with sequential Bonferroni
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Abstract:  Competition between closely related species can affect behavioural interactions. 
Intense interspecific competition may favor the evolution of elevated levels of interspecific 
aggression, termed alpha-selection. Salamanders of the genus Plethodon exhibit territorial 
aggression and in some cases interference mechanisms may have evolved under the process 
of alpha-selection. Throughout Ohio, two closely related and ecologically similar species of 
salamander, Plethodon cinereus (Red-backed Salamander) and P. electromorphus (Northern 
Ravine Salamander), occur in similar habitats and can be found in sympatry. However, the 
occurrence of sympatry is infrequent compared to the range overlap of each species and 
seems to be limited by factors other than broad geographic factors. Here, we used 
salamanders from allopatric and sympatric locations to examine the behaviour of both 
species toward interspecific intruders. We hypothesized that animals in sympatry would 
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exhibit heightened aggression compared to salamanders from allopatric areas. We found 
support for this hypothesis, indicating that intense interference competition may occur 
between P. cinereus and P. electromorphus in sympatry. Further, our results are consistent 
with the hypothesis of alpha-selection at the level of behavioural aggression. These results 
suggest that sympatry may represent an unstable equilibrium where neither species can gain a 
competitive advantage.  
Keywords: Aggression; Alpha-selection; Competition; Northern Ravine Salamander; 
Plethodon cinereus; Plethodon electromorphus; Red-backed Salamander; Territoriality  
 
Characteristics of interspecies interactions have always interested behaviourists. Interspecific 
relationships, such as competition, have implications for biologically significant behaviours 
such as habitat use and foraging (Petren & Case 1996). Many animals that display 
intraspecific territoriality are also known to display aggressive behaviours towards 
competitors of other species (Orians & Willson 1964; Cody 1969; Nishikawa 1987; 
Hickerson et al. 2004). Competition between species may occur for essential resources as 
well as for territories that contain these resources. Interspecific competition can be defined as 
a decrease in the ability of individuals of one species to survive or reproduce as a result of the 
presence of individuals of a competing species (Lotka 1956; Gustafsson 1987). The 
widespread occurrence of interspecific aggression suggests that it has evolved in many 
contexts and serves a variety of biological roles.  
 
While interspecific aggression requires an investment of time and energy, it may confer a 
net fitness benefit to individuals that exhibit it. When interspecific competition is more 
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intense than intraspecific competition, several changes in community characteristics may 
result. One possible outcome of competition is competitive exclusion, the process where a 
superior competitor will cause the other competing species to become locally extinct (Lack 
1944; Jaeger 1974). Alternatively, competition can lead to habitat or resource partitioning 
resulting in character displacement (Brown & Wilson 1956; Dayan & Simberloff 2005). 
Character displacement describes the pattern where two species are phenotypically similar in 
areas of allopatry but evolve differences in areas of sympatry (Brown and Wilson 1956). An 
increase in aggressive behaviour can also evolve in response to interspecific competition 
(Peiman & Robinson 2007). The evolution of interference traits, such as increased aggressive 
behaviour, in one or both of the interacting species is termed alpha-selection (Gill 1974). 
Similar to tests of character displacement, evidence of alpha-selection can be found by 
comparing behaviour of individuals from allopatry and sympatry predicting that individuals 
in sympatry would be more aggressive (Nishikawa 1987). Knowing whether competitive 
exclusion, character displacement, or alpha-selection occurs in a particular system is of 
paramount importance for our understanding of species’ behavioural interactions, the 
resulting community composition, and species coexistence.  
 
In recent years, salamanders of the genus Plethodon have become a model system for 
studying competitive interactions both within and between species. Competition frequently 
occurs for refuge sites (rocks and logs on the forest floor), under and around which 
salamanders develop territories that are essential to survival and reproduction (Jaeger 1981; 
Mathis 1991; Jaeger et al. 1995). Interspecific competition and territorial aggression within 
the genus Plethodon may be widespread and has been demonstrated for several sympatric 
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species (Jaeger 1970; Nishikawa 1985; Anthony et al. 1997; Marshall et al. 2004). As a result 
of interspecific competition, character displacement (P. cinereus and P. hoffmani: Adams & 
Rohlf 2000), competitive exclusion (P. cinereus and P. shenandoah: Jaeger 1971), and 
perhaps alpha-selection (P. jordani and P. teyahalee: Nishikawa 1987) have all been 
documented in Plethodon.  
 
One species within this genus, P. cinereus, is widely distributed across the eastern United 
States, including much of Ohio (Pfingston & Matson 2003). In Ohio, another closely related 
species, P. electromorphus, occupies a large range within the distribution of P. cinereus 
(Pfingston & Matson 2003). While the overall patterns suggest widespread geographic 
overlap, at a more local scale, the two species do not always co-occur within a particular 
township across the full extent of the range overlap (Fig. 1.4; Deitloff et al. 2008). The higher 
frequency of allopatric sites within the overlap zone may indicate that these two species 
cannot co-exist within stable sympatric sites (discussed in Deitloff et al. 2008). This system 
provides a unique opportunity to study species’ interactions where distribution is unlikely to 
be designated by broad landscape or climatic characteristics. Rather, either local conditions 
or species’ interactions are likely to be restricting species distributions at the local scale.  
 
Previous studies have examined the behavioural interactions between allopatric 
individuals of P. cinereus and P. electromorphus and found that territorial aggression both 
within and between these two species was observed (Deitloff et al. 2008). However, whether 
these interactions accurately reflect how territorial behaviour would evolve in sympatry is 
unclear because these findings were based on allopatric individuals. Thus, understanding 
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these species’ behaviour patterns in sympatry is crucial for providing insight into how 
territorial behaviour has evolved and how it might impact species’ coexistence and 
community structure.  
 
In this study, we examined the interspecific behavioural interactions between sympatric 
and allopatric individuals of P. cinereus and P. electromorphus. Our goal was to understand 
the intensity of interspecific territorial aggression, and how this may influence coexistence. 
Because alpha-selection has been inferred in species pairs where geographic overlap is 
narrow (Nishikawa 1985; Wicknick 1995) and sympatric areas of these two species seems to 
be infrequent, we hypothesized that P. cinereus and P. electromorphus in areas of sympatry 
would display more frequent aggressive behaviour, potentially due to alpha-selection. To test 
this hypothesis, we compared the relative degree of aggressive and submissive behaviours 
displayed by territorial residents of both species from sympatric areas to allopatric areas. We 
paired residents with intruders from both sympatric and allopatric locations to account for 
possible differences in resident responses due to intruder identity. 
 
METHODS 
Collection and Maintenance 
We collected salamanders during daylight hours from 16-19 October 2006. We collected 25 
female and 25 male allopatric P. cinereus from a forested site 51 km west of Youngstown in 
Ellsworth Township, Mahoning County (40º 46’ 04” N; 80º 43’ 37” W), Ohio, USA. 
Allopatric P. electromorphus, 31 females and 22 males, was collected from a forested site 26 
km north of Cambridge in Liberty Township, Guernsey County (40º 09’ 04” N; 81º 35’ 02” 
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W). Sympatric animals were collected 19 km northeast of Newark in Perry Township, 
Licking County (40º 10’ 01” N; 82º 15’ 28” W). A total of 29 female and 29 male sympatric 
P. cinereus and 17 female and 11 male sympatric P. electromorphus were collected. After 
collecting, animals were housed in circular Petri dishes (9 × 1.5 cm) with filter paper 
dampened with distilled water. Salamanders were transported to Ames, Iowa in coolers. 
After experiments were conducted, salamanders were euthanized using MS222.  
 
In the laboratory, each salamander was individually housed in a 15 × 1.5 cm circular Petri 
dish lined with filter paper dampened with distilled water. The salamanders were placed in a 
refrigerator that was kept at 18-21 C with a 12:12 h light:dark photoperiod. Salamanders 
were maintained for 29 days prior to the onset of the experiments. During this time, we fed 
the salamanders 10-15 Drosophila spp. once per week, moistened the filter paper three times 
weekly, and replaced filter paper as needed. Behavioural experiments were initiated on 18 
November 2006, after the salamanders were given sufficient time to acclimate to laboratory 
conditions. 
 
We determined the sex of each salamander by visual inspection of the facial region. 
Males were identified by square snouts and large nasolabial glands; females were identified 
by rounded snouts; gravid females were identified by the presence of eggs visible through the 
abdominal wall (Dawley 1992). Snout-vent lengths (SVL) were measured to the nearest 0.1 
mm using Mitutoyo Digimatic digital calipers (Table 3.1). Only salamanders greater than or 
equal to 31 mm SVL were used in behavioural experiments. For all experiments, 
salamanders were randomly paired, with the constraint that they were the same sex and 
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approximately the same size (within 3 mm SVL). Thus, in our experiment, the mean size of 
territorial residents was not significantly different from that of intruders ( diffX = 2.05 + 1.47 
mm; T = -0.035, P = 0.97, NS). 
 
Behavioural Interactions 
In this experiment, we examined interspecific behavioural interactions between salamanders 
of each species from allopatry and sympatry. We conducted behavioural tests with 4 different 
groups as residents: (1) allopatric P. cinereus, (2) sympatric P. cinereus, (3), allopatric P. 
electromorphus and (4) sympatric P. electromorphus. Each resident was tested 3 times with: 
(A) an interspecific allopatric intruder, (B) an interspecific sympatric intruder, and (C) a 
surrogate as a control (a rolled up paper towel approximately the size of a salamander). To 
avoid interobserver biases among resident populations, each observer recorded behaviour of 
residents from each of the four resident groups. In addition, the same observer recorded 
behaviour of a particular salamander in each of the three treatments. Behavioural trials were 
conducted from 18 November to 12 December 2006. We randomly selected which 
individuals from each group would be residents (allopatric P. cinereus: N = 26; sympatric P. 
cinereus: N = 25; allopatric P. electromorphus: N = 24; sympatric P. electromorphus: N = 
26). We matched interspecific intruders to each resident that were the same sex and same size 
(within 3 mm SVL). Due to restricted numbers within a few groups, some individuals were 
used as residents and as intruders (allopatric P. cinereus, nongravid females: N = 10; 
allopatric P. electromorphus, nongravid females: N = 9, males: N = 6; sympatric P. cinereus, 
nongravid females: N = 10; sympatric P. electromorphus, nongravid females: N = 10, gravid 
females: N = 5, males: N = 10). Half of these individuals were randomly chosen to be 
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residents first and the remaining half were residents last, accounting for any differences in 
behaviour resulting from using salamanders as residents and intruders. We randomly chose 
which residents would be tested on Day 1, 2, 3, and 4 each week; we also randomly selected 
the order of intruders each resident was tested with over the 3 weeks of trials. In summary, 
each resident was tested three times (once/week) and each intruder was used twice 
(once/week for two of the three weeks, the remaining trial for each resident used a surrogate). 
Animals that were used as residents and intruders were tested once/week as a resident for all 
three weeks and also once/week as an intruder for two of the three weeks. These animals 
were only tested once per day. 
 
On day 1 of the experimental set up, we placed each resident into a Nunc bioassay 
chamber (24 × 24 × 2 cm) lined with a paper towel moistened with distilled water and 
covered with a transparent lid. We allowed each resident to establish a territory by marking 
the substrate with its pheromones for 7 days (Jaeger et al. 1986). The intruder was placed into 
a clean circular Petri dish (15 × 1.5 cm) with moistened filter paper. We fed residents and 
intruders on days 2 and 5, and moistened filter paper as needed. On day 8, an intruder was 
introduced into each resident’s chamber using clear polyethylene tubing to reduce stress of 
handling. We recorded resident behavioural patterns (described below) for 15 min. These 
observations were made under dim illumination (60-W bulb reflected off of a white tile 
floor). The experiment was conducted during daylight hours (0700-1900 h). After the 
experiment, we placed residents and intruders into separate circular Petri dishes (15 × 1.5 
cm) and resumed the care schedule described above. The same protocol was repeated for the 
second and third trials for each resident. 
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To quantify aggression and submission, we used a set of behaviours that are commonly 
exhibited by Plethodon during encounters. Three of these behaviours were described in 
Jaeger (1984) to evaluate aggressive and submissive behaviour patterns among competitors. 
All trunk raised (ATR) behaviour describes a threat posture when all legs are extended 
downward such that the head and trunk are raised above the substrate. Flattened (FLAT) 
behaviour describes the submissive posture of the entire body pressed against the substrate. 
Biting (BITE) occurs when one salamander grasps another with its open mouth. The fourth 
behaviour that we examined was edging (EDGE), which occurs when the salamander walks 
along the periphery of the experimental chamber with its snout or part of its body pressed or 
tapping against the side of the chamber; it is presumed to be an attempt to escape from the 
chamber (Wise & Jaeger 1998). Specifically, we recorded the total time in seconds that 
residents spent in ATR, FLAT, and EDGE; and the number of bites administered to the 
intruder. 
 
Data Analysis 
Because behavioural data are considerably variable and non-normal, nonparametric 
approaches are typically used to assess statistical patterns in these data (e.g., Jaeger 1984). A 
more powerful statistical alternative is to use standard linear model designs, and determine 
their significance through randomization (Adams & Anthony 1996). For our analyses, we 
implemented this alternative using a generalized linear mixed model (LMM) to test our 
hypothesis that sympatric animals would be more aggressive than allopatric animals. Our 
approach contained a two-factor ANOVA model with resident group (allopatric P. cinereus, 
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sympatric P. cinereus, sympatric P. electromorphus, allopatric P. electromorphus) and 
intruder group (allopatric, sympatric, surrogate) as fixed effects. In addition, because the 
same individual was presented with each type of intruder, a random effect of individual was 
included to account for the considerable variation among individuals. From this model, the 
explained sums of squares (SS) for each factor and pair-wise differences between group 
means were obtained. To assess significance of these terms, we performed residual 
randomization (Gonzalez & Manly 1998) following the procedure outlined in Collyer & 
Adams (2007) and Adams & Collyer (2007).  
 
With residual randomization, population differences and differences due to other model 
effects are accounted for and preserved throughout the procedure. This is in contrast to 
standard randomization, where the order of individuals is shuffled irrespective of main 
effects or covariates. Therefore, when multiple factors are present in a model, residual 
randomization is superior to the standard approach, as it does not conflate variation due to 
main effects (e.g., differences among populations) with the error variation among individuals 
(see discussions in Freeedman and Lane 1983; Gonzalez and Manly 1998; Adams and 
Collyer 2007; Collyer and Adams 2007). This approach also has higher statistical power as 
compared to standard permutation and restricted randomization (see Anderson and ter Braak 
2003). In our analyses, the residual randomization procedure was performed 9,999 times, and 
the proportion of random values (plus the observed) greater or equal to the observed value 
was treated as the significance of the effect (for statistical details, see Collyer & Adams 
2007). In this analysis we observed that when the intruder effect was significant, this 
difference was due to differences toward surrogate individuals (results not reported). Because 
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of this, we ran the model a second time with the surrogate treatment removed from the 
intruder effect (i.e., using only allopatric and sympatric salamander intruders). 
 
RESULTS 
To test our hypothesis that sympatric salamanders would be more aggressive, we compared 
differences in behaviour among the four resident groups and towards the two intruder types 
(Table 3.2) using a generalized linear mixed model with residual randomization to assess 
significance. Residents of the four groups showed a significant difference in time spent in 
ATR and EDGE, but not in FLAT or number of bites (Table 3.3). Residents did not behave 
differently toward allopatric and sympatric intruders (Table 3.3), and as such these data were 
subsequently pooled for the following pair-wise comparisons. Sympatric residents of P. 
cinereus exhibited significantly more ATR than allopatric residents of P. cinereus (P = 
0.023) and P. electromorphus (P = 0.0002; Fig. 3.1). Sympatric residents of P. 
electromorphus displayed more ATR than allopatric P. electromorphus (P = 0.0003; Fig. 
3.1). Allopatric P. cinereus spent more time in ATR than allopatric P. electromorphus (P = 
0.018; Fig. 3.1). Sympatric residents of P. electromorphus showed more EDGE behaviour 
than P. cinereus from allopatry (P = 0.016) and sympatry (P = 0.006; Fig. 3.2). All other 
pair-wise comparisons between groups were not significant. In sum, sympatric animals of 
both species exhibited more aggressive behaviour and less submissive behaviour than the 
animals from allopatry.  
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DISCUSSION 
Studying interspecific competition can aid in understanding the stability of multi-species 
communities. Through the process of alpha-selection, species can evolve higher levels of 
aggression as a result of intense interference competition. The goal of this study was to 
determine whether enhanced interspecific aggression was exhibited by sympatric 
salamanders. We compared the behavioural interactions of P. cinereus and P. 
electromorphus from allopatric and sympatric populations towards interspecific intruders. In 
general, residents did not exhibit differences in aggressive or submissive behaviour towards 
the different types of intruders. Thus, we conclude that residents cannot distinguish from 
which population (allopatric or sympatric) interspecific intruders originated. Pair-wise 
comparisons of our focal groups revealed that animals from sympatric populations did 
exhibit greater levels of aggression than allopatric populations of the same species. 
Therefore, we found support for the hypothesis that heightened aggression was occurring in 
sympatry, possibly as a result of alpha-selection. This experiment only examined one 
population each from sympatry and allopatry of each species, therefore our conclusions can 
only be drawn about these populations. Applying these conclusions to interactions of these 
two species over the extent of their range overlap would require examining a greater number 
of sympatric locations. 
 
Alpha-selection has also been inferred for other species of Plethodon. For example, in the 
eastern portion of the Great Smoky Mountains where P. teyahalee and P. jordani co-occur, 
interspecific competition is very intense, and Nishikawa (1985) suggested that alpha-
selection has occurred in P. teyahalee. Alpha-selection, by definition, is an evolutionary 
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process, and thus, requires a genetic shift that programs levels of behaviour across 
generations. Evidence for a genetic shift in behaviour was not provided here or in past studies 
of alpha-selection (Nishikawa 1985, 1987). Testing the heritability of aggressive behaviour 
via common garden experiments is nearly impossible due to the difficulty of obtaining viable 
egg clutches from gravid females and because hatchlings require three or more years to reach 
maturity (Nagel 1977). However, other studies in Plethodon have shown that behaviours can 
have a genetic basis. For example, Gibbons et al. (2005) examined foraging behaviour and 
found that this does exhibit a significant genetic component. Thus, it is at least plausible that 
aggressive and territorial behaviours may have a genetic component as well. An alternative 
hypothesis to alpha-selection that may explain the observed pattern is a non-genetic response, 
where the behavioural shift in aggression from allopatry to sympatry is instead due to an 
environmental effect. For example, if overall salamander density in sympatry is greater than 
density of either species in allopatry and/or if food supply is decreased in sympatry relative 
to allopatry, salamanders may be more likely to fight for the limited food supply (hungrier 
salamanders fight more for food). This would also apply to other resources such as cover 
objects. Additionally, allopatric P. cinereus is more aggressive than allopatric P. 
electromorphus, as evidenced by greater levels of aggressive behaviour (ATR) exhibited by 
P. cinereus and more submissive behaviour (EDGE) by P. electromorphus, revealing 
species-specific differences. These results corroborate prior behavioural studies of these two 
species (Deitloff, et al. 2008). Pre-existing differences in behaviour of allopatric populations 
could also have influenced the subsequent sympatric interactions and led to the necessity of 
increased aggression in P. electromorphus. However, because we have found no evidence for 
increased salamander density or decreased resource density in areas of sympatry, the 
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hypothesis of alpha-selection appears more likely. We emphasize, though, that further studies 
should more accurately determine which of these alternative hypotheses best describe the 
data presented here. 
 
Our behavioural results imply that alpha-selection may be responsible for elevated 
interference competition in sympatry. This suggests that some aspects of niches are important 
for both species and that the two species in sympatry are segregated along the breadth of this 
factor. If this hypothesis is correct, we would predict that in areas of sympatry, aspects of diet 
or habitat usage would overlap, but that we would find that each species is excluding the 
other from some portion of the niche that could be utilized by the other species. Further 
studies examining the ecological characteristics between these two species, such as types of 
prey each species consumes, will provide evidence that could corroborate or refute this 
hypothesis. Any characteristic that would reduce niche-overlap would promote co-existence. 
For example, advertisement of territories that is received by individuals of both species 
would reduce the potential for costly aggressive interactions (Jaeger 1981). 
 
Not only can we examine competition in sympatry, but we can use this information to 
generate hypotheses regarding the long-term stability of sympatric areas. For instance, one 
species may have a competitive advantage and will eventually exclude the other (Diamond 
1975; Jaeger et al. 2002). Alternatively, the possibility of alpha-selection would suggest that 
this sympatric zone has occurred at least long enough for evolution to occur. By monitoring 
this and other sympatric populations, we could distinguish whether the abundance of each 
species is relatively stable or if one species is steadily declining. In general, if competitive 
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ability of one species has improved due to an increase in aggressive behaviour, this species 
may steadily exclude the other so long as it can gain a large numerical advantage (Gill 1974). 
Eventually, exclusion of the second species could occur. However, if the second species can 
also increase its competitive ability to maintain a comparable number of individuals, it will 
not be excluded (King & Moors 1979). If neither species can gain significant numerical 
advantage over the other, either an unstable equilibrium where population sizes fluctuate or 
the stable coexistence of the two species can result (Gill 1974). While population sizes may 
fluctuate at a sympatric area, neither species will be able, definitively, to exclude the other 
species from an area. Due to the intensity of interference, either species may be able to 
restrict the movement of the other into allopatric areas.  
 
Identifying characteristics of inter-species competition and the mechanism regulating 
elevated aggressive behaviour is of great interest in ecology and evolutionary biology. Here, 
we identified that in sympatry, P. cinereus and P. electromorphus have elevated aggressive 
behaviour which may provide support for the hypothesis of alpha-selection. If alpha-selection 
is occurring, these two species likely compete for some limiting resources, but are able to 
prevent access to the full range of possible resources. Furthermore, alpha-selection suggests 
that neither species has been able to competitively exclude the other from sympatric areas, 
but may prevent the expansion of the competing species. Determining if sympatric areas are 
examples of unstable equilibrium or stable coexistence and how interspecific competition 
affects stability of sympatry is important in understanding how competition affects 
community change over time and species coexistence patterns. 
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Figure 3.1. Comparison of time spent in ATR between sympatric and allopatric Plethodon 
cinereus and P. electromorphus. The following abbreviations are used: AC for allopatric P. 
cinereus; SC for sympatric P. cinereus; AE for allopatric P. electromorphus; and SE for 
sympatric P. electromorphus. Different lower case letters above each bar indicate statistical 
differences at P = 0.05. 
 
Figure 3.2. Comparison of time spent in EDGE between sympatric and allopatric Plethodon 
cinereus and P. electromorphus. The following abbreviations are used: AC for allopatric P. 
cinereus; SC for sympatric P. cinereus; AE for allopatric P. electromorphus; and SE for 
sympatric P. electromorphus. Different lower case letters above each bar indicate statistical 
differences at P = 0.05. 
68 
 
 
 
Figure 3.1. 
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Figure 3.2.  
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Table 3.1. Average SVL (mm +/- 1 SD) of salamanders used in behavioural trials. 
Non-Gravid Females Gravid Female Male
Allopatric 37.7 + 3.0 40.4 + 3.9 38.9 + 3.9
P. cinereus
Sympatric 34.2 + 4.9 39.9 + 2.8 38.8 + 3.5
Allopatric 38.5 + 5.1 43.1 + 6.3 41.9 + 7.1
P. electromorphus
Sympatric 33.5 + 2.9 39.4 + 2.1 38.4 + 2.7
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Table 3.2. Summary of residents’ response to allopatric and sympatric interspecific intruders  
Resident Behavior
Allopatric P. cinereus
mean median range mean median range
ATR (s) 260.0 265 0-625 301.8 322 0-860
FLAT (s) 4.0 0 0-75 43.4 0 0-900
EDGE (s) 27.4 0 0-227 14.4 0 0-92
BITE (number) 0.16 0 0-1 0.52 0 0-7
Sympatric P. cinereus
mean median range mean median range
ATR (s) 377.7 390 0-870 437.4 460 0-855
FLAT (s) 56.7 0 0-900 26.0 0 0-528
EDGE (s) 18.4 0 0-259 40.3 0 0-297
BITE (number) 0.36 0 0-5 1.40 0 0-12
Allopatic P. electromorphus
mean median range mean median range
ATR (s) 130.5 57 0-686 154.2 78 0-660
FLAT (s) 47.9 0 0-424 70.0 0 0-679
EDGE (s) 55.0 4.5 0-385 53.6 0 0-236
BITE (number) 0.71 0 0-10 0.21 0 0-3
Sympatric P. electromorphus
mean median range mean median range
ATR (s) 360.7 411 0-800 358.6 424 0-891
FLAT (s) 16.3 0 0-184 34.9 0 0-826
EDGE (s) 61.2 25 0-331 94.4 34 0-460
BITE (number) 0.42 0 0-3 0.40 0 0-7
Sympatric P. cinereus
Allopatic P. electromorphus Sympatric P. electromorphus
Intruder
Allopatic P. electromorphus Sympatric P. electromorphus
Allopatric P. cinereus Sympatric P. cinereus
Allopatric P. cinereus
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Table 3.3. Results for randomizations using the linear mixed model where resident group 
(allopatric P. cinereus, sympatric P. cinereus, allopatric P. electromorphus, and sympatric P. 
electromorphus) and intruder (allopatric interspecific or sympatric interspecific) were the two 
factors. Sum of squares (SS), mean sum of squares (SM), and p-values are provided. 
 
Behaviour Factor SS SM P 
ATR (s) Resident 1660879 553626.30      0.0001* 
  Intruder  73154 73154      0.21 
FLAT (s) Resident 40848 13616      0.52 
  Intruder  6424 6424      0.57 
EDGE (s) Resident 55534 18511.33      0.03* 
  Intruder  4905 4905      0.27 
Bite (number) Resident 9.40 3.13      0.57 
  Intruder  10.44 10.44      0.12 
* Significant difference    
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CHAPTER 4: A NATURAL DISTURBANCE ACCELERATES THE PROCESS OF 
COMPETITIVE EXCLUSION IN OHIO PLETHODON SALAMANDERS 
A paper to be submitted to Journal of Herpetology 
Jennifer Deitloff  
Department of Ecology, Evolution, and Organismal Biology, Iowa State University 
 
Abstract: Disturbance can disrupt an ecosystem or community by changing resources and the 
physical structure of a species’ environment. Disturbance can also influence community-
level processes such as competitive exclusion. Throughout Ohio, two closely related 
salamander species, Plethodon cinereus and P. electromorphus, are found in similar habitats, 
and seem to be competing for similar resources. Previous studies between P. cinereus and P. 
electromorphus suggest that aggressive interactions may lead to competitive exclusion. I 
tested this ecological prediction by surveying population densities of P. cinereus and P. 
electromorphus in four sympatric sites in Ohio. Over the course of four field seasons (2004-
2007), I found that P. cinereus was more common than P. electromorphus; and at one site, P. 
electromorphus was not found during the last collecting season. In addition, in areas where 
flooding occurs, the rate of competitive exclusion may increase. In 2004, a flood completely 
eliminated salamanders from one location, and I monitored the re-colonization of 
salamanders after habitat recovery. I found that the proportion of P. cinereus increased after 
the flood relative to before the flood. These findings imply that P. cinereus is slowly 
excluding P. electromorphus from sympatric sites through competitive mechanisms and that 
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this community-level process is intensified by natural disturbances. The process of 
competitive exclusion may have been accelerated by this natural disturbance. 
Keywords: competition, competitive exclusion, flood, natural disturbance, P. cinereus, P. 
electromorphus 
 
The importance of disturbance in mediating species interactions within communities has long 
been a focal point of interest among ecologists. Disturbance is an event, either natural or 
anthropogenic, that disrupts an ecosystem or community by changing resource or substrate 
availability or the physical environment (White and Picket, 1985). Knowledge of how 
disturbance impacts communities is important for understanding patterns of coexistence 
between competing species. Disturbance can affect a species by reducing population sizes or 
by completely eliminating a species from an area. For instance, disturbance may reduce 
competitive displacement by reducing populations to below the carrying capacity (Wiens, 
1977). Alternatively, disturbance can increase the intensity of competition by affecting 
resources more than competitors (Wiens, 1977). Thus, disturbance can act as a mediator 
between competition and predation depending on the frequency of disturbance and relative 
importance of each process (Petranka and Sih, 1986). In some cases disturbance may speed 
up typical community processes, such as the rate at which competitive exclusion could occur. 
Petranka and Sih (1986) suggest that communities could be controlled by abiotic factors in 
harsh environments, by predators in benign environments, and by competition in 
intermediate environments. If two competing species are disproportionately affected by 
disturbance with one able to recover more quickly and/or more efficiently, then the other 
species may not be able to re-establish its population due to the larger number of its 
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competing species already present. The direct effects of disturbance on a species population 
size combined with indirect effects through competition may lead to its exclusion. This 
scenario would be an example of priority effects, where the species that becomes established 
earlier has a greater chance of being competitively dominant than species that arrive later 
(Harper, 1961).  
Floods are often examined in regard to species interactions and community changes. 
Species can differ greatly in their responses to floods depending on many factors, including 
availability of refuge and dispersal characteristics (Swanson et al., 1998). Within 
salamanders, studies examining the impacts of floods on populations have focused on aquatic 
and semi-aquatic species. In some instances, populations do not seem to suffer long-lasting 
damage (Metter, 1968), and individuals who survive flooding may exhibit signs of 
competitive release (Petranka and Sih, 1986). However, other species seem to require a 
longer time period for recovery. For example, populations of Dicamptodon tennebrosus may 
require more than five years to recover from a flood (Swanson et al., 1998). Unfortunately, 
the impact of floods on terrestrial salamanders is largely unknown. Furthermore, the impacts 
of such disturbance on species interactions, such as competition, are even less well 
understood.  
The response of terrestrial salamanders to human-induced disturbances may provide 
some insights on their response to natural disturbances, such as flooding. Terrestrial 
salamanders are known to be significantly impacted by human-influenced disturbances such 
as logging, which can strongly deplete population sizes of terrestrial salamanders and species 
richness (Petranka et al., 1993). Declines in abundance of salamanders after clearcutting are 
likely due to a change in the temperature and moisture of surface soil (Petranka et al., 1994; 
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Ash, 1997; Naughton et al., 2000), reduction of cover (Grialou et al., 2000), and/or reduction 
of prey availability and quality (Mitchell et al., 1996). Additionally, most salamander species 
that have been studied require several decades to return to predisturbance levels (Petanka et 
al., 1993). However, the impacts of logging on terrestrial salamanders do not help us fully 
understand how other disturbances may affect them. In addition, many of the studies of 
logging effects focus on the ability of species to recover after such disturbances; they do not 
discuss how disturbance may affect community structure and species interactions. 
Salamanders of the terrestrial genus Plethodon have been used in a wide variety of 
studies examining competitive interactions within and between species. Within this genus, 
competition seems to be prevalent within and between species (Adams, 2007). Many species 
exhibit territoriality around refuge sites (cover objects such as rocks and logs), which provide 
shelter and food during dry periods (Jaeger, 1981; Mathis, 1991; Jaeger et al., 1995). As a 
result of interspecific competition, character displacement (P. cinereus and P. hoffmani: 
Adams and Rohlf, 2000), competitive exclusion (P. cinereus and P. shenandoah: Jaeger, 
1971; Myers and Adams, 2008), and alpha-selection (P. jordani and P. teyahalee: 
Nishikawa, 1985, 1987) have all been documented in Plethodon. Specifically, P. cinereus 
and P. electromorphus within Ohio display a pattern of co-occurrence that suggests 
competition (personal observation). In addition, the two species exhibit heightened levels of 
aggression in sympatry, suggesting that competition has possibly led to alpha-selection in 
sympatric areas (Deitloff et al., in review). This system provides a unique opportunity to 
study species’ competitive interactions where distribution is likely to be influenced by either 
local disturbance or species’ interactions. I monitored four sympatric locations over three 
years for changes in relative number of each species found. During this study, a flood 
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strongly impacted one of the locations and weakly impacted another location, while two 
locations were physically undisturbed during the study period. This natural disturbance 
provided a chance to address the relative impact of disturbance on community dynamics 
through time. 
Based on previous studies examining the behavioral interactions of these two species 
(discussed above), I tested the hypothesis that the process of competitive exclusion may be 
occurring where they are sympatric. Specifically, I addressed two predictions in this study. 
First, if one species was slowly excluding the other from a location, I predicted that the 
relative number of each species would change over time: the population size of the 
competitive ‘winner’ would increase and the population size of the competitive ‘loser’ would 
decrease. Second, I predicted that if natural disturbance facilitates competitive exclusion, 
then in the locations where flooding occurred, the relative change in population sizes would 
be more pronounced, with the ‘winner’ species becoming more prominent faster. 
 
Materials and Methods 
Four sympatric locations in Ohio were located in May 2004. Site A is located approximately 
3 miles east of Lisbon in Elk Run Township, Columbiana County (40º 46’ 04” N; 80º 43’ 
33” W). Site B was located 10 miles north of Lisbon, in Salem Township, Columbiana 
County (40º 49’ 48” N; 80º 49’ 19” W).  The third sympatric site, site C, was found 12 miles 
northeast of Newark in Perry Township, Licking County (40º 10’ 01” N; 82º 15’ 28” W). 
The final site, site D, was found 9 miles north of Newark in Washington Township, Licking 
County (40º 11’ 27” N; 82º 26’ 38” W). During late August and September 2004, severe and 
frequent rains resulted in flooding of site A. When the site was visited on 25 September, 
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2004, I observed that most of the rocks (used as cover objects by salamanders) had been 
swept into a ravine located within the site (Fig. 4.1). Site B was also impacted by the rain, but 
not as severely and many cover objects remained on the slope. These four sites were 
monitored over seven collecting seasons from spring 2004 to fall 2007 (Table 4.1).  
During each visit, I collected adult P. cinereus and P. electromorphus and recorded the 
number of each. At each locality and for each collecting trip, approximately the same 
sampling effort was used. Thus, these data represent relative salamander densities at each site 
for each collecting period. To determine if the proportion of each species significantly 
changed over time, I compared the proportion found during the second through seventh 
collecting seasons to the proportion found during the first collecting season using chi-square 
tests.  
 
Results 
Over the course of this study, I found that P. cinereus was more common than P. 
electromorphus at all of the sympatric sites monitored during each collecting period. At the 
non-flooded sites (C and D), there was not a significant change in the relative abundances of 
P. cinereus and P. electromorphus (Table 4.2). More specifically, at site C, there was a non-
significant increase in P. cinereus through time until fall 2006, where the relative abundances 
were similar to the first collecting season. While the change was not significant at site D, no 
P. electromorphus were found during the final collecting season. At both flood sites (A and 
B), there was a more extreme pattern, where P. cinereus significantly increased in relative 
abundance compared to P. electromorphus (Table 4.2). Furthermore, during the collection 
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season of fall 2004, after the flood, I found only one adult P. cinereus and no P. 
electromorphus at site A (flooded site).  
 
 
 
Discussion  
Determining the role of disturbance in mediating species interactions within communities 
may be important in understanding overall patterns of coexistence between these species. I 
hypothesized that competition between P. cinereus and P. electromorphus would lead to 
competitive exclusion of one of these species. I tested two predictions by recording relative 
species abundance of P. cinereus and P. electromorphus over several years. First, I predicted 
that the population size of the competitive ‘winner’ would increase in comparison to the 
competitive ‘loser.’ It is not clear that competitive exclusion was occurring at sites that were 
not impacted by flooding as relative abundance at these sites did not significantly change. 
However, even though changes at site D were not significant, in the last study year, only P. 
cinereus was present. This may be an example of local exclusion of P. electromorphus by P. 
cinereus, but further collections could determine if P. electromorphus has truly been 
excluded or if, by chance, I did not find any during that collection. Second, I hypothesized 
that if natural disturbance led to an increase in the rate of competitive exclusion, then in the 
locations where flooding occurred, exclusion would be more evident. There is evidence to 
support this hypothesis as it appears that flooding does influence the relative abundance of 
these two species in the direction of possible exclusion of P. electromorphus from the 
flooded areas. At site B, where flooding occurred but did not destroy the entire terrestrial 
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habitat, the community significantly changed, but this change occurred over a longer time 
period. The mechanisms as to why this might happen are unclear. At these locations, P. 
cinereus and P. electromorphus seem to be using similar prey types (unpublished data), thus, 
competition is possible. It may be that P. cinereus can return to the disturbed site and 
establish a large enough population that P. electromorphus cannot regain a stable population 
size. In this situation, the natural disturbance may facilitate the exclusion of P. 
electromorphus by P. cinereus. Alternatively, P. electromorphus may be able to return at a 
slower rate. 
In contract, relative abundance of P. cinereus and P. electromorphus at site C was 
consistent over all collection seasons. Interestingly, site C is the same location that was used 
to study behavioral interactions between sympatric individuals in Deitloff et al. (in review), 
and this behavioral study found that each species displayed an equal amount of aggressive 
behavior toward heterospecific intruders. In addition, aggression was greater for both species 
from this sympatric site than allopatric sites of each species. This may represent a situation 
where the process of alpha-selection has promoted evenly distributed territories and stable 
co-existence. Studying behavioral interactions at the other sympatric sites used for this study 
will help us better understand these interactions at other locations. For example, I predict that 
at site A and B, where competitive exclusion of P. electromorphus seems to currently be 
occurring, P. cinereus would be more aggressive than P. electromorphus and that P. 
electromorphus would not be able to establish territories in an area where P. cinereus has 
become established.  
These patterns suggest that sympatry in different areas may facilitate differing 
competitive outcomes. For instance, where flooding was observed, competitive exclusion 
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may have occurred (or is occurring); and at site C, where populations seem to be unchanged 
over time, competition facilitates behavioral interactions leading to interspecific territoriality. 
Other processes may also be interacting in the system, such as predation, that have not yet 
been examined. As with many systems, a full understanding of the role of competition, 
predation, and environmental conditions in regulating populations requires broad spatial and 
temporal studies (Petranka and Sih, 1986). I propose that each sympatric location represents 
an independent competitive situation. At some sites, sympatry may represent transient co-
occurrence with the eventual exclusion of one species; at other sites, behavioral interactions 
may promote coexistence. More detailed information regarding habitat and prey utilization is 
needed to determine the degree of competition at these sites.  
This is the first study to examine the impacts of flooding on terrestrial salamanders. 
Flooding can damage the physical environment of these salamanders by removing cover 
objects that are required for their survival resulting in fewer areas for salamanders to develop 
territories. If two species are competing for these cover objects and one species is more 
quickly able to re-establish its population after the flood, this species may be at a competitive 
advantage and be able to exclude the second species from re-entering the habitat after a 
flood. This scenario seems to be occurring where P. cinereus and P. electromorphus are 
sympatric. In areas of sympatry where flooding occurs, P. cinereus seems to be able to return 
more quickly and prevent P. electromorphus from returning to the area; therefore, flooding 
“sped up” the process of competitive exclusion of P. electromorphus by P. cinereus. This 
conclusion could also apply to competition theory as a whole in that many interacting factors 
need to be examined to understand the dynamics of communities. 
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Figure 4.1. Photograph of site A where flooding swept most of the cover objects from the 
slopes of the ravine into the stream. 
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Figure 4.1. 
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Table 4.1. Summary of collection seasons, dates collection occurred, and which sites were 
visited during each collection season. 
Collection Season Dates Sites visited
Spring 2004 8 May to 11 May A, B, C, D
Fall 2004* 23 September to 27 September A, B
1 October to 3 October D
7 October to 10 October C
Spring 2005 6 May to 8 May B, C
Fall 2005 16 October to 19 October A
Fall 2006 17 September to 20 September A, B, C
Spring 2007 3 May to 11 May A, B, D
Fall 2007 16 September to 21 September A, B
*Collection during Fall 2004 occurred during three visits.
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Table 4.2. Number of each species collected during various collecting seasons. At Site A, 
during fall 2006 and 2007, the proportion of P. cinereus to P. electromorphus is significantly 
greater than the first collection season indicating the impact of the flood on population sizes. 
In addition, at site B, where minor flooding occurred, the proportion P. cinereus to P. 
electromorphus is significantly greater during fall 2006 and 2007. The percentage of the total 
number of salamanders found that were of P. cinereus is provided in the %Pc column. 
Site A: Flood site P. cinereus (n) P. electromorphus (n) %Pc P
Spring 2004 34 8 0.81 --
Fall 2004 1 0 -- --
Fall 2005 32 4 0.89 0.23 
Fall 2006 33 1 0.97 0.02*
Spring 2007 15 1 0.94 0.19
Fall 2007 40 3 0.93 0.04*
Site B: Weak disturbance P. cinereus (n) P. electromorphus (n) %Pc P
Spring 2004 23 9 0.72 --
Fall 2004** 25 22 0.53 --
Spring 2005 27 5 0.84 0.12
Fall 2006 58 2 0.97 < 0.001*
Spring 2007 22 5 0.81 0.27
Fall 2007 17 1 0.94 0.03*
Site C P. cinereus (n) P. electromorphus (n) %Pc P
Spring 2004 49 13 0.79 --
Fall 2004** 25 25 0.5 --
Spring 2005 28 3 0.9 0.12
Fall 2006 82 28 0.75 0.25
Site D P. cinereus (n) P. electromorphus (n) %Pc P
Spring 2004 25 3 0.89 --
Fall 2004 8 1 0.89 0.97
Spring 2007 7 0 1 0.36
* Indicates significant differences between expected and actual number of each species animals collected.
**The number of salamanders collected was intentionally approximately 25 for each species.  
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Abstract: Theoretical evolutionary ecology generates testable predictions concerning the 
effects of species interactions on ecological, behavioral, and morphological traits. 
Throughout Ohio, two closely related and ecologically similar salamander species, Plethodon 
cinereus and P. electromorphus, occur in similar habitats and can be found in sympatry. 
Behavioral studies between these two species reveal that the process of alpha-selection may 
have promoted an increase in aggression where they occur in sympatry. Here, we tested the 
hypothesis that competition influenced distributions of these two species, and we tested 
several predictions to examine whether or not competition continues to be an important 
factor in sympatric areas. We found that sympatric areas of P. cinereus and P. 
electromorphus occur less frequently than expected by chance. Furthermore, examination of 
refuge sites and food use indicate that competition could be occurring for both types of 
resources in sympatric areas since P. cinereus and P. electromorphus do not appear to be 
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partitioning resources at most sympatric sites. We also examined head shape variation among 
allopatric and sympatric populations and found that morphological divergence and 
convergence has occurred at different sympatric sites. Furthermore, morphological 
differences were associated with food use differences. These results suggest that at each 
sympatric site, a unique set of ecological characteristics and species interactions has 
influenced the evolution of this community. Some sympatric sites may be unstable where 
competitive exclusion has or is occurring; some seem to be stable and the evolution of 
character displacement may be taking place. 
Key words: Alpha-selection, competition, competitive exclusion, character divergence, 
Plethodon cinereus, Plethodon electromorphus, territoriality 
 
Introduction 
Understanding how closely related species co-exist remains a central problem in community 
ecology. The amount of overlap between the geographic ranges of closely related species is 
thought to depend, in part, on the extent to which similar species share the same habitat 
requirements and depends on the degree of competition between them. On one hand, closely 
related species tend to overlap more than expected by chance, suggesting that species’ 
distributions are more constrained by shared niche requirements and common ancestry than 
by competition (Harvey and Pagel 1991, Letcher et al. 1994). On the other hand, ecological 
similarity may lead to intense competition and eventual exclusion resulting in rare co-
occurrence of the two species (Bowers and Brown 1982). When species do co-exist long 
term, competition theory suggests that these species will possess characteristics that 
minimize competitive interactions among them (Hutchinson 1957, MacArthur and Levins 
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1967). Such competition can result in character displacement over time (Pritchard and 
Schluter 2001, Adams and Rohlf 2000, Adams 2004). Therefore, competition plays a major 
role in shaping community structure and can influence whether or not species can stably 
coexist (Krzysic 1979).  
Interspecific competition can influence a variety of community and species-level 
characteristics. For example, geographic patterns of species distributions can be influenced 
by competition (Strong et al. 1984). Non-random co-occurrence patterns (aggregation and 
segregation) are often interpreted as being the result of some ecological process. For 
example, segregation can be the result of interspecific competition. However, species co-
occurrence patterns alone are not usually sufficient to demonstrate that competition is 
occurring because multiple forces could generate similar patterns (Hastings 1987). Under 
some conditions, neutral models can also show non-random co-occurrence patterns (Bell 
2005). Therefore, to infer that interspecific competition has generated a lack of co-
occurrence, one must corroborate this pattern using other types of data. If independent 
evidence of competition is observed in addition to nonrandom co-occurrence patterns, then 
the hypothesis that competition is occurring is strengthened. For example, if competition is 
occurring, species must be using some similar resources. Consequently, an overlap in 
resources would be expected. In addition, ongoing or current competition can often be 
reflected in morphological similarities. Ricklefs and Travis (1980) showed that 
morphological separation and ecological overlap were inversely related in bird communities, 
indicating competition between those species. Morphological convergence, where two 
species become more similar in sympatric areas, could occur if two species require the same 
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resources in a sympatric area. Ecological overlap as well as morphological similarity can 
provide insight into competitive interactions between sympatric species.  
Salamanders of the genus Plethodon are a model system for studying interspecific 
competition. Interspecific competition and territorial aggression seem to be prevalent within 
this genus (Jaeger 1970, Nishikawa 1985, Anthony et al. 1997, Marshall et al. 2004). In some 
instances, interspecific competition has limited the geographic ranges of competing species 
(Arif et al. 2007, Hairston 1980, Jaeger 1970) and has led to a variety of evolutionary 
consequences between sympatric species, such as character displacement (Adams and Rohlf 
2000), competitive exclusion (Jaeger 1971, Myers and Adams 2008), and alpha-selection 
(Nishikawa 1987, Deitloff et al. in review). Further, these effects appear to have shaped 
species distributions at a broad geographic scale, because patterns of community composition 
are consistent with what is predicted from competitive-based models of community dynamics 
(Adams 2007). In Ohio, the geographic ranges of P. cinereus and P. electromorphus overlap 
over a broad area; however, at a more local scale the two species do not often co-occur 
(Deitloff et al. 2008). When interspecific behavior is examined within sympatric areas, 
salamanders are more aggressive than salamanders from allopatric locations, suggesting that 
alpha-selection may have occurred within at least one sympatric location (Deitloff et al. in 
review). The rarity of co-occurrence and increase in aggression in sympatry suggest that P. 
cinereus and P. electromorphus may compete for common resources. 
If species are competing, there should be detectable evidence of this competition. To 
address this question, we first determined whether there was evidence of competition from 
the perspective of the distributions of P. cinereus and P. electromorphus. If co-occurrence is 
random or if it occurs more often than expected by chance, other factors such as habitat 
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preference or predation may more strongly influence species distributions as compared to the 
influence of competition. Alternatively, if co-occurrence patterns imply that these species 
occur together less often than expected by chance, competitive interactions may be the 
primary influence structuring species distributions. Since competition appears to be 
widespread in Plethodon and because behavioral studies suggest competition is occurring in 
at least one sympatric site of P. cinereus and P. electromorphus, we hypothesized that these 
two species would co-occur less frequently than expected by chance. Further, if competition 
continues to be important in shaping species distributions, we can examine different sets of 
species ecological characteristics. Our specific predictions are listed below for each type of 
ecological characteristic.  
 
Methods 
Collection methods 
We obtained salamanders during seven collecting trips from spring 2004 to fall 2007 in Ohio. 
Spring collecting trips (spring 2004, 2005, 2007) occurred in early May, and fall collecting 
trips (fall 2004, 2005, 2006, 2007) occurred in late September and early October. Six of the 
sites we located were allopatric sites for P. cinereus (Sites A, B, C, D, E, and F), two sites 
were allopatric for P. electromorphus (Sites G and H), and six sites were sympatric (Sites I, 
J, K, L, M, and N; Fig. 5.1, Table 5.1). Subsets of salamanders were used in the following 
analyses and details of those collections are listed below. 
For salamanders collected during fall 2005 (Sites D, H, I, M, and N), fall 2006 (Sites D 
and H), and spring 2007 (Sites K, L, M, and N), we measured snout-vent length (SVL) to the 
nearest 0.1 mm using Mitutoyo Digimatic digital calipers (n = 458; Table 5.2). Only 
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salamanders greater than or equal to 31 mm SVL were used for the analyses listed below. We 
determined the sex of each salamander by visual inspection of the facial region. Males were 
identified by square snouts and large nasolabial glands; females were identified by rounded 
snouts; gravid females were identified by the presence of eggs visible through the abdominal 
wall (Dawley 1992).  
 
Species Co-occurrence 
To test the hypothesis that P. cinereus and P. electromorphus co-occur less frequently than is 
expected by chance, we conducted landscape surveys of species presence. During spring 
2007 and fall 2007, we searched for locations that contained salamanders within the 
distributional overlap of the ranges of P. cinereus and P. electromorphus. We identified 
locations only within counties where both species have been found (sympatric counties) 
according to distribution maps of Ohio (Pfingston and Matson 2003). Within each sympatric 
county, we searched for locations that contained either of these salamander species. At each 
of these locations, we recorded if P. cinereus and/or P. electromorphus were found and the 
number of animals of each species found at that site. We adapted the distribution maps of 
Pfingson and Matson (2003) using these locations as well as the locations previously 
mentioned. For this adapted map, we coded the townships that we visited to represent the 
results of our collecting (map is described in results). Each township was coded as containing 
sites with allopatric P. cinereus, allopatric P. electromorphus, sympatric P. cinereus and P. 
electromorphus, or neither species. We did not find townships that contained more than one 
type of site. It is important to note that we only focused on counties where we expected to 
find sympatry, and, thus, had the best chance of finding sympatric sites if they existed.  
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With these collection data, we constructed a presence/absence matrix that was used to 
determine whether co-occurrence between P. cinereus and P. electromorphus was best 
described as segregation, aggregation, or random. Row entries represent presence or absence 
of the two species; and columns represent collection sites. We used the C-score index as a 
measure of co-occurrence (Stone and Roberts 1990). This index is calculated as:  
Cij = (ri – S) (rj – S)              (1) 
 where S is the number of shared sites (sites containing both species) and ri and rj are the 
number of occurrences (row totals) for species i and j. The C-score was the average number 
of checkerboard pairs. If the C-score was greater than expected by chance, species segregate 
in accord with competitive interactions; if the C-score was smaller than expected by chance, 
species aggregate. We used EcoSim Version 7.0 (Gotelli and Entsminger 2007) to compare 
the observed C-score to the average C-score generated from 10000 randomly constructed 
assemblages. We used a model where row values were retained so each species only 
occurred as often as in the observed matrix and where sites (columns) are equally likely to be 
represented, eliminating observed differences in species richness of sites in the null 
assemblages. 
 
Resource use: Refuge sites (cover objects) 
If competition occurs between P. cinereus and P. electromorphus, then we expect them to 
overlap in resource use when found in sympatry. An important resource for salamanders is 
their refuge sites, or cover objects (Jaeger 1981, Mathis 1991, Jaeger et al. 1995). Therefore, 
we predicted that P. cinereus and P. electromorphus would use similar types and sizes of 
cover objects (rocks or logs). We tested this prediction for a subset of the salamanders (from 
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Sites K, L, M, and N) by recording the type of cover object that was utilized (rock, log, bark, 
tile, brick) (n = 161). Since rocks and logs were the most common cover objects, we focused 
on these types of cover objects during the following analysis. We tested whether P. cinereus 
and P. electromorphus used different types of cover objects using a G-test of independence. 
We also measured greatest length and greatest width of the rocks (to the nearest cm) and 
tested whether the two species used differently sized rocks using a t-test. 
While earlier research has found a correlation between salamander size and cover object 
size (Hickerson et al. 2004, Mathis 1990), the universality of this pattern is unclear (Faragher 
and Jaeger 1997, Gabor 1995). To determine whether this was the case in our system, we 
used correlation analysis to compare rock size and the SVL of associated salamanders. 
 
Resource use: Food utilization 
The second important resource we examined was prey use. We predicted that sympatric 
salamander species overlap in the types of prey eaten. We quantified food use from stomach 
contents of 335 live specimens collected in fall 2004 (n = 263) and in spring 2007 (n = 72) to 
determine whether or not P. cinereus and P. electromorphus partitioned food in sympatry. 
These specimens were collected from 6 sympatric sites (I, J, K, L, M, and N), 4 allopatric 
sites of P. cinereus (A, C, E, F), and 2 allopatric sites of P. electromorphus (G and H). All 
specimens were collected between 0700 h and 1200 h to ensure minimum digestion of 
stomach contents as salamanders typically forage during the night and in the early morning. 
Stomachs were pumped in the field with a 5ml syringe fitted with 18-gauge rubber tubing. 
Stomach contents were immediately placed into 70 percent ethyl alcohol (Fraser 1976). Prey 
items were identified to the level of order (Adams and Rohlf 2000), except for the phylum 
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Annelida, the classes Chilopoda and Diplopoda, and the subclass Acarina. Larvae of all types 
were treated as a single category. For subsequent analyses, we calculated number of prey 
items per stomach for both species at each site. Data from each allopatric and sympatric site 
and from each species remained separate for analyses. These groups are referred to as 
species-site groups below.  
We determined whether interspecific competition resulted in food-use niche-partitioning 
in two ways. First, we used a G-test of independence that compared resource-use profiles of 
species-site groups (Arif et al. 2007). Second, we compared the observed food utilization 
matrix with randomly generated matrices using null model approaches (Gotelli and Graves 
1996). The food utilization matrix consisted of rows as species-site groups and columns as 
prey types. The entries for the matrix were the number of prey items per stomach for that 
species-site group. To quantify the pairwise overlap of the site-species groups, we calculated 
niche overlap (O12 and O21) using the following index (Pianka 1973): 
           (2) 
where p1i and p2i are the frequencies of each prey type n for the two species. Overlap values 
were calculated for each pairwise species-site group. With this index, values of 1.0 indicate 
equal use of resources, and as values decrease from 1.0, the two populations have increasing 
differences in their resource use. Next, we examined whether niche overlap over all the 
species-site groups was statistically significant. We used a null-model randomization 
algorithm in which the entries in each row of the matrix were randomly shuffled. This 
method retains the observed niche breadth of each species-site group, but it allows utilization 
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of any of the possible resource states. The procedure was repeated 10000 times to generate a 
random distribution of food utilization and compare random data to the observed niche 
overlap. These null model analyses were conducted with EcoSim (Gotelli and Entsminger 
2007).  
In addition, we examined whether overlap in food utilization between species in 
sympatry was greater than overlap between species from randomly paired allopatric 
populations. Here, we used the pairwise overlap values calculated above from the six 
sympatric sites to calculate the average sympatric overlap. Next, we randomly chose six of 
the pairwise overlap values calculated between allopatric populations of the two species 
(because we had six sympatric locations) and determined their average. The difference 
between the average sympatric overlap and average allopatric overlap was calculated. This 
procedure was repeated 999 times to obtain the percentage of random values that exceeded 
the observed difference (see Adams et al. 2007). A correspondence analysis (CA) was used 
to visually compare of all species-site groups. 
 
Morphology 
Competition theory predicts that if species are morphological similar, they likely overlap in 
resources and, if these resources are limiting, they would be competing for these resources. 
Therefore, we predicted that P. cinereus and P. electromorphus were similar morphologically 
in sympatry. Alternatively, divergence in sympatry would be evidence that competition 
between these two species has been ongoing, leading to the evolution of character 
displacement. To examine differences in morphological characteristics between and within 
species in areas of sympatry and allopatry, we quantified head shape morphology for all 
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specimens (all sites described in Table 5.1 were used) using landmark based geometric 
morphometrics methods (Rohlf and Marcus 1993, Adams et al. 2004). We imaged the left-
lateral side of each head using a Nikon DXM-1200 digital camera mounted on a Nikon 
SMZ1500 stereomicroscope. We then digitized 10 biologically homologous landmarks from 
the skull and jaw (Fig. 5.2) using TPSDIG2 (Rohlf 2006). Variation in the position of the 
mandible relative to the skull was standardized by rotating the mandible of all specimens to a 
fixed angle relative to the skull (Adams 1999). Generalized Procrustes Analysis (GPA) was 
used to remove effects of digitizing position, rotation, and scale (size) to generate a set of 
shape variables for each individual (Rohlf and Slice 1990). From the aligned specimens, we 
generated shape variables as partial warp scores from the thin-plate spline (Bookstein 1991) 
and the two uniform shape components (Rohlf and Bookstein 2003). Head shape was 
represented by a set of principal component scores from all principal component axes that 
expressed variation. 
 We examined patterns of head shape variation in a number of ways. First, we used 
multivariate analysis of variance (MANOVA) with species, environment type (allopatry or 
sympatry), and species × environment interaction as factors to determine whether head shape 
varied across levels of these factors. While the interaction term of this model indicated 
whether species-specific responses across community types differed for the two species, it 
was insufficient in determining what type of difference may exist (e.g., morphological 
convergence, morphological divergence, etc.). We therefore performed a direct test of the 
observed sympatric divergence between species versus the observed allopatric divergence 
between species using randomization (e.g. Adams and Rohlf 2000, Adams 2004). Here, the 
least squares phenotypic means for each species × environment groups (pooled over 
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populations) were determined. From these, the observed sympatric and allopatric divergences 
were then calculated (as the Euclidean distance between them), and the difference in 
phenotypic divergence from allopatry to sympatry was obtained. We then assessed the 
significance of this phenotypic difference through a residual randomization procedure (for 
details see Collyer and Adams 2007, Adams and Collyer 2007). Differences in head shape 
among populations were visualized using a principal components analysis (PCA).  
 Unfortunately, one shortcoming of this ‘classic’ approach is that when substantial 
among-population variation exists, it masks population-level differences and may lead to 
erroneous conclusions (see Adams et al. 2007). Because we observed considerable 
phenotypic variation among populations, we used a second approach that better accounted 
for among-population variation. For this approach, we first calculated the observed 
phenotypic divergence (Euclidean distance) between P. cinereus and P. electromorphus for 
each of the six sympatric populations. The average sympatric divergence was then calculated. 
Next, we calculated the phenotypic divergence between all possible pairings of allopatric 
populations of the two species. We then randomly chose six of the allopatric distances 
(because there were six sympatric sites) and determined their average. The average of these 
six randomly chosen allopatric sites was compared to the average sympatric divergence 
(from the six observed sympatric sites). This procedure was repeated 999 times to obtain the 
percentage of random values that exceeded the observed (see Adams et al. 2007). 
 Previous studies have shown a correlation between morphology and food use 
(Schluter and McPhail 1992), and, specifically in salamanders, head shape has been shown to 
be correlated with food use in various taxa (Adams and Rohlf 2000, Maerz et al. 2006). For 
this reason, we also examined whether head shape was associated with food utilization using 
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a two-block partial least squares analysis (PLS) (Rohlf and Corti 2000) for a subset of 
specimens in which we collected morphology and food utilization data (n = 261). Tests of 
statistical significance were carried out with a permutation procedure in TPSPLS (Rohlf 
2005) using 10000 permutations. 
 In addition, an association between head shape and behavior has also been shown in 
other Plethodon (Adams 2004); therefore, we tested whether or not head shape and behavior 
were correlated in these two species. In two previous studies, we examined differences in 
behaviors (All trunk raised, Flattened, Biting: described in Jaeger 1984; Edging: described in 
Wise and Jaeger 1998) to determine whether the two species responded to the presence of 
allopatric conspecifics and heterospecifics (Deitloff et al. 2008) and to the presence of 
allopatric and sympatric heterospecifics (Deitloff et al. in review) through interference 
mechanisms. We used these behaviors and cranial morphology to assess patterns of 
covariation between the two datasets using two-block partial least squares analysis as 
described above for food use. Since the two behavior studies occurred at different times (1 
year apart) and tested behavior in different contexts, we analyzed the two behavior studies 
separately. 
 
Results 
Species Co-occurrence 
We found 29 locations with P. cinereus and/or P. electromorphus, in addition to the sites 
previously described (Fig. 5.1; Table 5.1). In total, we found 21 allopatric P. cinereus 
locations, 9 allopatric P. electromorphus, and 12 sympatric sites; we did not find any 
salamanders in 27 of the townships we searched (Fig. 5.3). Plethodon cinereus and P. 
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electromorphus co-occurred less frequently than was expected by chance (P = 0.0006). Six 
of the 10000 randomly constructed assemblages resulted in a C-score equal to this and none 
of the randomly constructed assemblages resulted in a C-score greater than this. Therefore, 
the distributions P. cinereus and P. electromorphus in regard to the presence of the other 
species would be best described as segregation, as opposed to aggregation or random. 
 
Resource use: Refuge sites (cover objects) 
We located 134 rocks that were being used as cover objects by salamanders, 11 had 2 
salamanders underneath. Of these 11 rocks, 6 had a male and female P. cinereus, 1 had a 
male and female P. electromorphus, 1 had a male P. cinereus with a conspecific juvenile, 1 
had a male P. cinereus and a male P. electromorphus, and 2 rocks had a female P. cinereus 
with another species of the genus (P. glutinosus). In addition to rocks, we also located 25 
logs with salamanders underneath, 4 of which had more than 1 salamander underneath. Of 
these four logs, 1 had a male and female P. cinereus underneath, 1 had 2 female P. cinereus 
underneath, 1 had a male, female, and juvenile P. cinereus, and 1 had 2 female and a juvenile 
P. cinereus underneath. One female P. cinereus was found under leaves and one female P. 
cinereus was found under a piece of bark. For rocks and logs with 1 individual underneath, 
we did not find an overall pattern in the utilization of rocks versus logs between species (G = 
3.3, P = 0.07) or the size of rocks used (t = -1.06; P = 0.29).  Since we found several rocks 
with more than 1 individual underneath, we examined whether these rocks differed in size as 
compared to rocks with only one salamander underneath and found no difference (P = 0.19). 
Furthermore, we found no correlation between SVL and rock size (r2 = 0.001; P = 0.69) for 
rocks with 1 salamander underneath.  
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Resource use: Food utilization 
The most commonly found prey items of both species were Hymenoptera, Acarina, and 
Coleoptera. Overall, the two species did not partition food resources (G = 2.76; P = 1.0). In 
addition, when comparing the observed food utilization matrix to random matrices, the 
species-site groups did not use different resources ( 0.58=O ; P < 0.0001). In other words, 
their food resources overlapped more than expected by chance. When comparing food 
utilization in areas of allopatry and sympatry, we found that food use overlap in the observed 
sympatric locations was not significantly different from randomly paired allopatric 
populations ( 0.76=sympO ; 0.74=alloO ; Table 5.3; P = 0.23). Therefore, species did not 
partition resources in sympatry as compared to allopatry. When examining overlap among 
sympatric sites, resource overlap differed among these sites. At the two sympatric sites with 
the greatest sample sizes, overlap at site N was 0.73 and overlap at site I was 0.95 (Fig. 5.4), 
representing the high degree of overlap between the two species. The correspondence 
analysis also revealed that overlap in food utilization was high and was comparable to 
overlap where species were found in allopatry (Fig. 5.5). In addition, species and type of site 
(allopatric or sympatric) did not consistently change over correspondence axes 1 and 2 (Fig. 
5.5).  
 
Morphology 
We found significant phenotypic differentiation in head shape between species (Wilk’s λ = 
0.13, F = 10.17, P < 0.0001), between environments (Wilk’s λ = 0.23, F = 17.78, P < 
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0.0001), and a significant species × environment interaction (Wilk’s λ = 0.083, F = 6.35, P < 
0.0001). Sympatric phenotypic divergence was significantly smaller than allopatric 
phenotypic divergence ( 0.0315alloD = , 0.0096sympD = , Prand = 0.0001), indicating phenotypic 
convergence in sympatry. However, the between-site heterogeneity was considerable and a 
principle component plot of group means revealed that this heterogeneity did not correspond 
to a predictable allopatry-sympatry direction (Fig. 5.6). Therefore, pooling across populations 
to estimate sympatric and allopatric divergence was potentially misleading. When 
qualitatively comparing the difference in head shape at each sympatric site to the average 
allopatric difference, it appears that convergence (Sites I and N), divergence (Sites L, K, and 
J), and no change (Site M) may have occurred in different sympatric sites. 
 When the sympatric divergence for each population was calculated separately, we 
found that the average sympatric divergence was significantly greater than expected by 
chance ( 0.0356sympD = , Prand = 0.0001). Sympatric sites varied greatly in the divergence of 
head shape between P. cinereus and P. electromorphus, both in the amount of phenotypic 
divergence as well as its direction in morphospace (Fig. 5.6). Along the main axis of shape 
change (PC1), head shape changed by a shortening of the lower jaw and expansion of 
posterior region of the skull (Fig. 5.6).  
 A partial-least squares analysis revealed that head shape was significantly associated 
with food utilization in these species (r = 0.46; P = 0.0015; Fig. 5.7). In general, individuals 
from all groups expand across the entire PLS plot, with the exception of allopatric P. 
electromorphus, which is slightly restricted along the food use axis (x-axis; Fig. 5.7). In 
addition, head shape change described above is linked with food use differences: individuals 
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with shortened lower jaws and expanded posterior regions of the skull tend to eat more prey 
from Acarina and Coleoptera and fewer prey from Annelida (Fig. 5.7). However, head shape 
was not associated with behavior during either of the previous behavior studies (Deitloff et 
al. 2008: r = 0.49, P = 0.56; Deitloff et al. in review: r = 0.40, P = 0.38). 
 
Discussion 
Competition can be detected through examining a number of characteristics, including 
species co-occurrence patterns, the degree of resource overlap found in sympatric areas, and 
the similarity of morphological characteristics. We first examined the distributions of two 
Plethodon species to address two alternative hypotheses regarding competition: (1) if co-
occurrence is random, or if co-occurrence happens more than expected by chance, factors 
such as habitat or predation strongly influence species distributions or (2) if co-occurrence is 
less than expected by chance, competition may be the main factor influencing species 
distributions. We found that co-occurrence of P. cinereus and P. electromorphus was less 
than expected by chance. We then examined several types of data to understand what 
resources these species may be competing for and if morphology was related to competition. 
We found support for the prediction that these two species use similar resources (cover object 
size and type as well as food resources) in sympatry. Therefore, if resources are limiting, 
competition could be occurring for these resources. With respect to morphology, we found 
that within different sympatric sites, divergence, convergence and no change from allopatric 
morphology can describe the shift in morphology. Furthermore, we found evidence in this 
study that morphology correlates with food use but not with behavior. Taken together these 
multiple lines of evidence suggest that competition is structuring the distributions and 
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geographic overlap of P. cinereus and P. electromorphus. Here, we provide evidence from a 
variety of data types consistent with the hypothesis that competition is a prevalent force 
currently shaping communities of Plethodon salamanders. 
 Competition theory predicts that when resources are limiting, the competitively superior 
species could drive the other species locally extinct, termed as competitive exclusion (Gause 
1934). Local extinction distributed across a landscape would create a checker-board pattern 
among competitors (Tello et al. 2008) and species would co-occur less than expected by 
chance (Diamond 1975). Therefore, competition can influence geographic distributions of 
competing species. We observed this pattern since sympatry occurred less than expected by 
chance; however, sympatry still does occur, so this scenario does not represent a ‘pure’ 
black-and-white checker-board pattern (ala Diamond 1975) across the landscape. Potentially, 
the sympatric sites that were observed in this study represent transient co-occurrence, rather 
than stable examples of co-existence. Competitive exclusion is not a discrete event, therefore,  
if sympatric areas are monitored over long periods of time, exclusion may be observed 
(Jaeger 1974). Time to exclusion may be long, and any temporal variation in other 
characteristics of the habitat may lead to variation in carrying capacity and prolonged co-
existence (Gotelli 1997, Hutchinson 1961, Gallagher et al. 1990).  
Resource partitioning and possible morphological consequences resulting from 
partitioning can lead to species co-existence. In some sympatric pairs of Plethodon species, 
character displacement has been observed, allowing species to partition resources and stably 
co-exist (Adams and Rohlf 2000). Interestingly, morphology of P. cinereus and P. 
electromorphus was divergent in some sympatric areas, but was convergent in others. 
Therefore, character displacement is not promoting co-existence is this species pair across 
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the entire landscape. We suggest that the outcome of competition can differ within different 
sympatric locations. Furthermore, alpha-selection has been previously observed in Plethodon 
species found in sympatry (Nishikawa 1987, Deitloff et al. in review). Alpha-selection is the 
result of intense interspecific competition and can lead to territorial spacing of competing 
species. In cases where alpha-selection occurs, population size of both species may be 
reduced to a level where they can co-exist. For example, sympatric site I, where we found 
morphological convergence and almost complete overlap in resources, is the same location 
where alpha-selection may have occurred in response to intense competition (Deitloff et al. in 
review) and where relative population size appears to be stable (Deitloff in prep). This 
suggests that this sympatric site may be more stable over evolutionary time. For sympatric 
site N, we observed less overlap in food resources than site I and slightly more difference in 
head shape, and, in another study, found that relative population sizes have shifted (Deitloff 
in prep), suggesting that P. cinereus may be in the process of excluding P. electromorphus 
from this location. In contrast, for animals collected at site K, food use and morphology were 
both different between species, possibly suggesting character divergence, but sample sizes 
for this location were too low to make strong conclusions about the processes occurring here. 
Consequently, different sympatric areas may represent incomplete competitive exclusion, 
ongoing character divergence, or stable co-existence. 
 Local distribution patterns, in this system, reveal that complex interactions occur 
between these two species and possibly with the environment or other species not studied, 
such as predators. Commonly in natural communities, competition plays a role, but its effects 
are context dependent and other factors may be important as well (Tello et al. 2008). Natural 
disturbance may play an important role in shaping community structure. In this system, for 
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example, flooding may promote the exclusion of P. electromorphus since P. cinereus seems 
to return to flooded sites before P. electromorphus (Deitloff in prep). Alternatively, predators 
can also suppress densities to chronically low levels, so that shared resources never becoming 
limiting, promoting co-occurrence (Connell 1975). Unfortunately, the effect of predators on 
communities of Plethodon is understudied and should be examined. 
In this study, we found that P. cinereus and P. electromorphus co-occurred less than 
expected by chance, and we found evidence that this distribution pattern is due, at least in 
part, to competition. Furthermore, the distribution and persistence patterns of sympatric areas 
suggest that this community responds in complex ways. Applied to community theory as a 
whole, we propose that interactions between competing species and the evolutionary 
outcomes of these interactions may be different depending on other habitat characteristics, 
such as disturbance, or other species interactions, such as predation. Interestingly, both 
competitive exclusion and character displacement could potentially occur between the same 
pair of competing species at different sympatric locations. 
 
Acknowledgements 
We thank C. Berns, J. O. Church, and E. M. Myers for reading drafts of this work and C. D. 
Anthony, J. O. Church, J. Erickson, G. Rice, O. Lockhart, C. A. M. Hickerson, and E. M. 
Myers for help in collecting salamanders. Salamanders were collected under Ohio 
Department of Natural Resources, Division of Wildlife permits 13 (2005), 144 (2006), and 
299 (2007) and were housed in accordance with Iowa State University Committee on Animal 
Care policies (IACUC 3-04-5618-D). This research was sponsored in part by National 
109 
 
 
Science Foundation grant (DEB-0446758) to DCA and by a USDA IFAFS Multidisciplinary 
Graduate Education Training Grant (2001-52100-11506) to JD. 
Literature Cited 
Adams, D. C. 1999. Methods for shape analysis of landmark data from articulated structures. 
Evolutionary Ecology Research 1:959-970. 
Adams, D. C. 2004. Character displacement via aggressive interference in Appalachian 
salamanders. Ecology 85:2664–2670.  
Adams, D. C. 2007. Organization of Plethodon salamander communities: guild-based 
community assembly. Ecology 88:1292-1299. 
Adams, D. C., and M. L. Collyer. 2007. Analysis of character divergence along 
environmental gradients and other covariates. Evolution 61:510-515. 
Adams, D. C., and F. J. Rohlf. 2000. Ecological character displacement in Plethodon: 
biomechanical differences found from a geometric morphometric study. Proceedings of 
the National Academy of Science, U.S.A. 97:4106–4111. 
Adams, D. C., M. E. West, and M. L. Collyer. 2007. Location-specific sympatric 
morphological divergence as a possible response to species interactions in West Virginia 
Plethodon salamander communities. Journal of Animal Ecology 76:289-295.  
Anthony, C. D., J. A. Wicknick, and R. G. Jaeger. 1997. Social interactions in two sympatric 
salamanders: Effectiveness of a highly aggressive strategy. Behaviour 134:71-88. 
Arif, S., D. C. Adams, and J. A. Wicknick. 2007. Bioclimatic modeling, morphology, and 
behavior reveal alternatve mechanisms regulating the distributions of two parapatric 
salamander species. Evolutionary Ecology Research 9:843-854. 
110 
 
 
Bell, G. 2005. The co-distribution of species in relation to the neutral theory of community 
ecology. Ecology 86:1757-1770. 
Bookstein, F. L. 1991. Morphometric Tools for Landmark Data: Geometry and Biology. 
Cambridge University Press, New York, New York, USA. 
Bowers, M. A., and J. H. Brown. 1982. Body size and co-existence in desert rodents: chance 
or community structure? Ecology 63:391-400.  
Collyer, M. L., and D. C. Adams. 2007. Analysis of two-state multivariate phenotypic 
change in ecological studies. Ecology 88:683-692. 
Connell, J. H. 1975. Some mechanisms producing structure in natural communities: a model 
and evidence from field experiments. Pages 460-490 in M. L. Cody and J. M. Diamond, 
editors. Ecology and evolution of communities. Harvard University Press, Cambridge, 
Massachusetts, USA. 
Dawley, E. M. 1992. Sexual dimorphism in a chemosensory system: the role of the 
vomeronasal organ in salamander reproductive behavior. Copeia 1992:113–120. 
Deitloff, J. in prep. A natural disturbance accelerates the process of community sorting in 
Ohio Plethodon salamanders. In preparation for Journal of Herpetology. 
Deitloff, J., D. C. Adams, B. F. M. Olechnowski, and R. G. Jaeger. 2008. Interspecific 
aggression in Ohio Plethodon: Implications for competition. Herpetologica 64:180-188. 
Deitloff, J., J. O. Church, D. C. Adams, and R. G. Jaeger. In review. Interspecific agonistic 
behaviors in a salamander community: Implications for alpha-selection. Submitted to 
Animal Behaviour. 
111 
 
 
Diamond, J. M. 1975. Assembly of species communities. Pages 342-444 in M. L. Cody and 
J. M. Diamond, editors. Ecology and evolution of communities. Harvard University 
Press, Cambridge. Massachusetts, USA. 
Faragher, S. G., and R. G. Jaeger. 1997. Distributions of adult and juvenile redback 
salamanders: testing new hypotheses regarding territoriality. Copeia 1997:410–414. 
Fraser, D. F. 1976. Empirical evaluation of the hypothesis of food competition in 
salamanders of the genus Plethodon. Ecology 57:459-47. 
Gabor, C. R., 1995. Correlational test of Mathis’ hypothesis that bigger salamanders have 
better territories. Copeia 1995:729–735. 
Gallagher, E. D., G. B. Gardner, and P. A. Jumars. 1990. Competition among the pioneers in 
a seasonal soft-bottom benthic succession: field experiments and analysis of the Gilpin-
Ayala competition model. Oecologia 83:427-442. 
Gause, G. F. 1934. The struggle for existence. Williams & Wilkins, Baltimore, USA.  
Gotelli, N. J. 1997. Competition and Coexistence of larval Ant Lions. Ecology 78:1761-
1773. 
Gotelli, N. J., and G. L. Entsminger. 2007. EcoSim: Null models software for ecology. 
Version 7.72. http://garyentsminger.com/ecosim.htm. Acquired Intelligence Inc. & 
Kesey-Bear. Jericho, Vermont, USA.  
Gotelli, N. J., and G. R. Graves. 1996. Null Models in Ecology. Smithsonian Institution 
Press, Washington, DC, USA. 
Hairston, N. G. 1980. The experimental test of analysis of field distributions: competition in 
terrestrial salamanders. Ecology 61:817–826. 
112 
 
 
Harvey, P. H., and M. D. Pagel.1991. The comparative method in evolutionary biology. 
Oxford University Press, Oxford, England.  
Hastings, A. 1987. Can competition be detected using species co-occurrence data? Ecology 
68: 117-123. 
Hickerson, C. M., C.D. Anthony, and J. A. Wicknick. 2004. Behavioral interactions between 
salamanders and centipedes: competition in divergent taxa. Behavioral Ecology 15:679–
686. 
Hutchinson, G. E. 1957. Concluding remarks. Population studies: animal ecology and 
demography. Cold Spring Harbor Symposium and Quantitative Biology 22:415-427. 
Hutchinson, G. E. 1961. The paradox of the plankton. American Naturalist 95:137-145. 
Jaeger, R. G. 1970. Potential extinction through competition between two species of 
terrestrial salamanders. Evolution 24:632–642. 
Jaeger, R. G. 1971. Competitive exclusion as a factor influencing the distributions of two 
species of terrestrial salamanders. Ecology 52:632-637. 
Jaeger, R. G. 1974. Competitive exclusion: comments on survival and extinction of species. 
BioScience 24:33-39.  
Jaeger, R. G. 1981. Dear enemy recognition and costs of aggression between salamanders. 
American Naturalist 117:962–974. 
Jaeger, R. G. 1984. Agonistic behavior of the red-backed salamander. Copeia 1984:309-314. 
Jaeger, R.G., J. A, Wicknick, M. R. Griffis, and C. D. Anthony. 1995. Socioecology of a 
terrestrial salamander: juveniles enter adult territories during stressful foraging periods. 
Ecology 76:533–543. 
113 
 
 
Krzysik, A. J. 1979. Resource allocation, coexistence and the niche structure of a streambank 
salamander community. Ecological Monographs 49:173-194.  
Letcher, A. J., A. Purvis, S. Nee and P. H. Harvey. 1994. Patterns of overlap in the 
geographic ranges of Paleartic and British mammals. The Journal of Animal Ecology 
63:871-879. 
MacArthur, R. H., and R. Levins. 1967. The limiting similarity, convergence, and divergence 
of coexisting species. American Naturalist 101:377-385. 
Maerz, J. C., E. M. Myers, and D. C. Adams. 2006. Trophic polymorphism in a terrestrial 
salamander. Evolutionary Ecology Research 8:23-35. 
Marshall, J. L., C. D. Camp, and R. G. Jaeger. 2004. Potential interference competition 
between a patchily distributed salamander (Plethodon petraeus) and a sympatric 
congener (Plethodon glutinosus). Copeia 2004:488–495. 
Mathis, A. 1990. Territoriality in a terrestrial salamander: the influence of resource quality 
and body size. Behaviour 112:162–175. 
Mathis, A. 1991. Territories of male and female terrestrial salamanders: costs, benefits, and 
intersexual spatial associations. Oecologia 86:433–440. 
Myers, E. M., and D. C. Adams. 2008. Morphology is decoupled from interspecific 
competition in Plethodon salamanders in the Shenandoah Mountains. Herpetologica (In 
Press). 
Nishikawa, K. C. 1985. Competition and the evolution of aggressive behavior in two species 
of terrestrial salamanders. Evolution 39:1282-1294. 
Nishikawa, K. C. 1987. Interspecific aggressive behaviour in salamanders species-specific 
interference or misidentification. Animal Behaviour 35:263-270. 
114 
 
 
Pfingsten, R. A, and T. O. Matson. 2003. Ohio Salamander Atlas. Ohio Biological Survey, 
Columbus, Ohio, USA.. 
Pianka, E. R. 1973. The structure of lizard communities. Annual Review of Ecological 
Systematics 4:53-74. 
Pritchard, J. R., and D. Schluter. 2001. Declining interspecific competition during character 
displacement: Summoning the ghost of competition past. Evolutionary Ecology Research 
3:209-220. 
Ricklefs, R. E., and J. Travis. 1980. A morphological approach to the study of avian 
community organization. The Auk 97:321-338. 
Rohlf, F. J. 2005. TPSPLS. Ver. 1.14. Department of Ecology and Evolution, State University 
of New York, Stony Brook, New York, USA. 
Rohlf, F. J. 2006. TPSDIG2. Version 2.10. Department of Ecology and Evolution, State 
University of New York, Stony Brook, New York, USA. 
Rohlf, F. J., and F. L. Bookstein,. 2003. Computing the uniform component of shape 
variation. Systematic Biology 52:66–69. 
Rohlf, F. J., and M. Corti. 2000. Use of two-block partial least squares to study covariation in 
shape. Systematic Biology 49:740-753. 
Rohlf, F.J. and Marcus, L. F. 1993. A revolution in morphometrics. Trends in Ecology and 
Evolution 8:129-132. 
 Rohlf, F.J. and Slice D.E. 1990. Extensions of the Procrustes method for the optimal super-
imposition of landmarks. Systematic Zoology 39:40-59. 
Schluter, D., and J. D. McPhail. 1992. Ecological character displacement and speciation in 
sticklebacks. American Naturalist 140:85–108. 
115 
 
 
Stone, L., and A. Roberts. 1990. The checkerboard score and species distributions. Oecologia 
85:74-79. 
Strong, D. R., D. Simberloff, L. G. Abele, and A. B. Thistle, editors. 1984. Ecological 
communities: conceptual issues and the evidence. Princeton University Press, Princeton, 
New Jersey, USA. 
Tello, J. S., R. D. Stevens, and C. W. Dick. 2008. Patterns of species co-occurrence and 
density compensation: a test for interspecific competition in bat ectoparasite 
infracommunities. Oikos 117:693-702. 
Wise, S. E., and R. G. Jaeger. 1998. The influence of tail autonomy on agonistic behaviour 
of a territorial salamander. Animal Behaviour 55:1707–1716. 
 
116 
 
 
 
 
Figure 5.1. Map of geographic locations used in this study in Ohio, USA. Sympatric sites 
(black circles), allopatric sites of P. cinereus (open circles), and allopatric sites of P. 
electromorphus (gray circles) are indicated. 
 
Figure 5.2. Positions of 10 landmarks used in this study. All landmarks were digitized from 
the left-lateral view of the head (adapted from Adams, 2004). 
 
Figure 5.3. Results of landscape surveys of P. cinereus and P. electromorphus in Ohio 
showing townships in which we surveyed outlined in black (maps adapted from Ohio 
Department of Transportation, 2007). Townships where we found sympatric locations were 
filled with black, allopatric P. cinereus locations were filled with light gray, and allopatric P. 
electromorphus were filled with dark gray. Townships where we did not find any 
salamanders were white. 
 
Figure 5.4. Profile of stomach contents of sympatric P. cinereus and P. electromorphus. Prey 
types are roughly ordered by size. Because of differences in the number of salamanders 
collected, prey items eaten are represented as the average number of that prey type per 
stomach (Y-axis). Light gray bars represent P. cinereus and dark gray bars represent P. 
electromorphus. (a) Profile from site N. Data from 42 P. cinereus and 23 P. electromorphus 
specimens are shown. Total prey items summed for all salamanders collected were 197 for P. 
cinereus and 85 for P. electromorphus. (b) Profile from site I. Data from 22 P. cinereus and 
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17 P. electromorphus specimens are shown. Total prey items numbered 52 for P. cinereus 
and 61 for P. electromorphus. 
 
Figure 5.5. Correspondence plot describing differences in food-use overlap among allopatric 
and sympatric populations. Open circles represent allopatric P. cinereus, closed circles 
represent sympatric P. cinereus, open squares represent allopatric P. electromorphus, and 
closed squares represent sympatric P. electromorphus. Lines connect P. cinereus and P. 
electromorphus from the same sympatric site. Values represent the food-use overlap between 
species from the same sympatric site. The first two correspondence axes account for 44.4% 
of the variation in the data. Site M was excluded due to small sample size. 
 
Figure 5.6. Principle components plot describing differences in head shape variation among 
allopatric and sympatric populations. Open circles represent allopatric P. cinereus, closed 
circles represent sympatric P. cinereus, open squares represent allopatric P. electromorphus, 
and closed squares represent sympatric P. electromorphus. Lines connect P. cinereus and P. 
electromorphus from the same sympatric site. Values represent the divergence between 
species from the same sympatric site. The two principal components axes account for 43.7% 
of the variation in the data. 
 
Figure 5.7. Multivariate association of head shape and food utilization. The x-axis represents 
food resources use, and the y-axis represents morphology (extremes illustrated by using thin 
plate spine). Open circles represent allopatric P. cinereus, closed circles represent sympatric 
P. cinereus, open squares represent allopatric P. electromorphus, and closed squares 
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represent sympatric P. electromorphus. Individuals represented towards the left, lower end 
consumed more prey from the Acarina and Coleoptera, but few prey from the Annelida; 
individuals shown in the right, upper area consumed fewer prey from the Acarina and 
Coleoptera, and more prey from the Annelida. 
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Table 5.1. Location information for geographical localities (sites) used in this study. Site 
code will be referred to through the manuscript. The final 4 columns represent the types of 
data that were collected from animals at that site. SVL represent snout vent length; F 
represents food type and quantity; M represents morphological data; CO represents cover 
object type and size. 
Site code Site type Latitude Longitude County SVL F M CO
A Allopatry P. cinereus 39º 48' 16" N 81º 52' 12" W Muskingum x x
B Allopatry P. cinereus 40º 07’ 52” N 82º 36’ 53” W Licking x
C Allopatry P. cinereus 40º 07’ 54” N 82º 36’ 53” W Licking x x
D Allopatry P. cinereus 40º 46’ 04” N 80º 43’ 37” W Mahoning x x
E Allopatry P. cinereus 41º 03’ 58” N 80º 57’ 45” W Mahoning x x
F Allopatry P. cinereus 41º 22’ 01” N 81º 03’ 44” W Geauga x x
G Allopatry P. electromorphus 40º 00’ 11” N 81º 43’ 03” W Guernsey x x
H Allopatry P. electromorphus 40º 09’ 04” N 81º 35’ 02” W Guernsey x x x
I Sympatry 40º 10’ 01” N 82º 15’ 28” W Licking x x x
J Sympatry 40º 11’ 27” N 82º 26’ 38” W Licking x x
K Sympatry 40º 21' 05" N 82º 08' 21" W Coshocton x x x x
L Sympatry 40º 26' 48" N 81º 25' 45" W Tuscarawas x x x x
M Sympatry 40º 46’ 04” N 80º 43’ 33” W Columbiana x x x x
N Sympatry 40º 49’ 48” N 80º 49’ 19” W Columbiana x x x x  
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Table 5.2. Average SVL (mm +/- 1 SD) of salamanders collected. 
        
    Females Males 
    
 Allopatric 40.4 + 0.7 40.1 + 0.6 
P. cinereus    
  Sympatric 39.1 + 0.5 39.9 + 0.4 
    
 Allopatric 40.8 + 0.6 45.4 + 0.9 
P. electromorphus   
  Sympatric 35.8 + 0.9 39.8 + 1.1 
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Table 5.3. Pairwise overlap between species in food types for sympatric sites and all possible 
allopatric comparisons. 
 
Sympatric Site* Pairwise Overlap Allopatric Sites Pariwise Overlap
N 0.73 F and H 0.90
J 0.45 F and G 0.98
I 0.95 A and H 0.55
L 0.87 A and G 0.65
K 0.80 E and H 0.48
E and G 0.43
C and H 0.90
C and G 0.99
Average 0.76 0.74
Range 0.45 - 0.95 0.43 - 0.99
*Site M was excluded due to small sample size  
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CHAPTER 6. CONCLUDING REMARKS 
General Discussion 
The competitive interactions of closely-related species have long been considered 
important determinants of community composition. Interspecific competition between 
closely related species can influence behavioral interactions and species distributions, as well 
as ecological and morphological traits of the interacting species. Interspecific competition is 
known to affect local adaptation and patterns of evolutionary diversification (Schluter and 
McPhail 1992, Adams 2004, Jastrebski and Robinson 2004). For example, intense 
interspecific competition may result in the evolution of interference traits, such as elevated 
levels of aggression. The evolutionary process of favoring interference traits is termed alpha-
selection. Another possible outcome of competition is competitive exclusion, the process 
where a superior competitor will cause the other competing species to become locally extinct 
(Lack 1944, Jaeger 1974). Alternatively, competition can lead to habitat or resource 
partitioning resulting in character displacement (Brown and Wilson 1956, Dayan and 
Simberloff 2005). Furthermore, other community-level processes, such as predation, and 
abiotic factors, such as disturbance, can interact with interspecific competition to determine 
the relative influence of competition within a community. 
In recent years, salamanders of the genus Plethodon have become a model system for 
studying behavioral interactions. These terrestrial salamanders are widely distributed in the 
forests of eastern and western North America. Some species in this genus develop territories 
under and around cover objects on the forest floor (Jaeger 1981, Mathis 1991, Jaeger et al. 
1995), which provide a source of food and moisture during dry conditions when both are 
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critical for survival (Jaeger et al. 1981, Mathis 1990). Salamanders defend their territories 
intraspecifically (reviewed in Jaeger and Forester 1993) and interspecifically (Jaeger 1970, 
Nishikawa 1985, Anthony et al. 1997, Marshall et al. 2004). Interspecific competition 
appears to have restricted the geographic ranges of species that are potential competitors 
(Jaeger 1970; Hairston 1980). Most of our knowledge of interspecific competition in 
Plethodon is found between species whose contact zones are quite narrow (< 500m), and in 
many locations are parapatric (Highton 1995). By contrast, we know much less about species 
interactions where the distributions of species overlap across a large geographic area. 
Furthermore, as a result of interspecific competition, character displacement (P. cinereus and 
P. hoffmani: Adams and Rohlf 2000), competitive exclusion (P. cinereus and P. shenandoah: 
Jaeger 1971), and alpha-selection (P. jordani and P. teyahalee: Nishikawa 1987) have all 
been documented in Plethodon. 
Throughout Ohio, two closely related and ecologically similar species of salamander, P. 
cinereus and P. electromorphus, occur in similar habitats and can be found in sympatry. 
However, the occurrence of sympatry is infrequent compared to the range overlap of each 
species and seems to be limited by factors other than broad geographic factors. During the 
studies presented here, the interspecific interactions of P. cinereus and P. electromorphus 
were examined. More importantly, I determined whether these two species co-occur 
(temporary sympatry) or co-exist (stable sympatry) in sympatry and how competition 
between them influence their species distributions. 
In Chapter 2, I examined the behavioral responses of individuals from allopatric 
populations of both species to provide an initial understanding of their interactions using 2 
objectives. These objectives were (1) to determine whether P. electromorphus exhibits 
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similar aggressive and submissive behaviors as other species of Plethodon and (2) whether P. 
cinereus in Ohio exhibits similar levels of aggression recorded in other areas of its range. 
Then, I tested four specific hypotheses, two examining intraspecific interactions and two 
examining interspecific interactions. I found that allopatric populations of P. electromorphus 
exhibited all typical behaviors recorded in other Plethodon species and that both species from 
Ohio exhibit aggressive behavior. I hypothesized that during intraspecific trails (1) allopatric 
residents of P. cinereus were more aggressive intraspecifically than were allopatric residents 
of P. electromorphus, and (2) allopatric residents of P. electromorphus were more 
submissive than allopatric residents of P. cinereus. The second pair of hypotheses represents 
interactions between ‘novel’ biotic stimuli, as individuals from allopatry have not previously 
encountered members of the congeneric species. To understand interspecific interactions, I 
tested the hypotheses that (3) allopatric residents of P. cinereus were more aggressive 
interspecifically, and (4) allopatric residents of P. electromorphus were more submissive. I 
found that when animals were tested in intraspecific trials, P. cinereus is more aggressive 
than P. electromorphus and that P. electromorphus is more submissive than P. cinereus. 
However, these two species do not differ in behavior during interspecific trials, except that P. 
electromorphus spends more time in escape behavior (EDGE). Therefore, I conclude that P. 
electromorphus would act submissively if encountering P. cinereus for the first time in the 
field. These results imply that P. electromorphus may not be able to expand its range into 
areas occupied by P. cinereus, and, in turn, P. cinereus may be able to successfully expand 
its range into areas presently occupied by P. electromorphus.  
In Chapter 3, I also examined behavioral interactions between P. cinereus and P. 
electromorphus; however, I incorporated behavior of animals found in sympatry as well as 
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those found in allopatry. Alpha –selection is the evolution of interference traits, such as 
increased aggressive behavior, in one or both of the interacting species in sympatry. I used 
salamanders from allopatric and sympatric locations to examine the behavior of both species 
toward interspecific intruders using the hypothesis that animals in sympatry would exhibit 
heightened aggression compared to salamanders from allopatric areas, which is evidence for 
alpha-selection. I found support for this hypothesis, indicating that intense interference 
competition may occur between P. cinereus and P. electromorphus in sympatry and that 
these interactions have favored alpha-selection of both species. This sympatric area may 
represent an unstable equilibrium where neither species can gain a competitive advantage but 
both persist in the area. Alternatively, interspecific territoriality may develop where 
individuals of both species are uniformly spaced in the landscape promoting co-existence. In 
this instance, sympatry would be stable as long as this spacing could be maintained. 
In Chapter 4, I examined the influence of disturbance on competitive interactions. In 
previous chapters, I determined that P. cinereus and P. electromorphus interact in a manner 
that is consistent with competition. Therefore, I tested the potential effects disturbance may 
have on the process of competitive exclusion. In theory, disturbance may favor the 
dominance of a species that can return quickly after disturbance and aggressive interactions 
may promote competitive exclusion of the second species from sympatric locations. I tested 
this prediction by surveying population densities of P. cinereus and P. electromorphus in 
four sympatric sites in Ohio. I found that P. cinereus was more common than P. 
electromorphus at all of the sympatric sites studied; and at one site, P. electromorphus was 
not found during the last collecting season, suggesting that local extinction via competitive 
exclusion had occurred. In addition, I also tested the hypothesis that in areas where flooding 
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occurred, the rate at which this change occurred would increase. I found that the proportion 
of P. cinereus increased after the flood relative to before the flood at two sites that were 
flooded during fall 2004. These findings imply that P. cinereus is slowly excluding P. 
electromorphus from sympatric sites through competitive mechanisms and that this 
community-level process is intensified by natural disturbances. The process of competitive 
exclusion may have been “sped up” by this natural disturbance. 
If species are competing, there should be detectable evidence of this competition. This 
question was examined in Chapter 5. I first determined whether there was evidence of 
competition from the perspective of the distributions of P. cinereus and P. electromorphus. If 
co-occurrence patters imply that these species occur together less often than expected by 
chance, competitive interactions may be the primary influence structuring species 
distributions. Since competition appears to be widespread in Plethodon and that behavioral 
studies suggest competition is occurring in at least one sympatric site of P. cinereus and P. 
electromorphus, I hypothesized that these two species would co-occur less than expected by 
chance. To test this hypothesis, I conducted landscape surveys of species presence and 
calculated co-occurrence using the C-score index. I found that areas of sympatry occur less 
often than expected by chance.  In other words, the distributions P. cinereus and P. 
electromorphus in regard to the presence of the other species would be best described as 
segregation, as opposed to aggregation or random. 
If competition occurs between P. cinereus and P. electromorphus, then I expect them to 
overlap in resources when found in sympatry. Therefore, in Chapter 5, I also examined 
similarities in resources use between P. cinereus and P. electromorphus using two types of 
resources: cover objects and prey. I predicted that, in allopatry and in sympatry, P. cinereus 
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and P. electromorphus would use similar types of cover objects (rocks or logs) and would 
use similarly sized cover objects. I found that these two species did not differ in this 
resource; therefore, this prediction was supported. The second important resource that I 
examined was prey use. I predicted that, in sympatry and in allopatry, salamanders would 
overlap in the types of prey eaten. To test this prediction, I calculated the pair-wise overlap in 
food resources per site for each species (species-site groups) and statistically tested overlap 
using null-model randomization. These species-site groups did not differ in food use. In other 
words, food use overlapped more than expected by chance. In addition, overlap in food use 
did not differ in allopatric areas compared to sympatric areas. Therefore, it appears that, in 
sympatry, P. cinereus and P. electromorphus are using similar resources, suggesting the 
individuals could be competing for these resources. Interestingly, overlap at some sympatric 
sites was almost complete, while, at others sympatric sites, overlap was much lower. 
 Competition theory predicts that if species are morphological similar, they likely overlap 
in resources and, if resources are limiting, would be competing for these resources. 
Therefore, I predicted that P. cinereus and P. electromorphus were similar morphologically 
in sympatry. Alternatively, divergence in sympatry would be evidence that competition 
between these two species has been ongoing, leading to the evolution of character 
displacement. In Chapter 5, I examined head shape variation among allopatric and sympatric 
populations of P. cinereus and P. electromorphus in Ohio using geometric morphometrics 
methods. Over all sites, sympatric divergence was not greater than allopatric divergence; 
therefore, character displacement has not occurred across the entire range of sympatry. 
However, when the sympatric divergence for each population was calculated separately, I 
found that the average sympatric divergence was significantly greater than expected by 
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chance. When examining sympatric sites individually, it appears that divergence, 
convergence, and no change has occurred at individual sympatric sites. Furthermore, 
morphology was associated with food use, in that when morphology was similar between 
species at a sympatric site, food use was also similar and when morphology was different 
between species, overlap in food use was lower. 
In the conclusion of Chapter 5, I proposed that P. cinereus and P. electromorphus are 
competing for refuge sites (cover objects) and/or prey in sympatry and, thus, sympatry is 
rare. However, some sympatric sites appear to be stable, while at others, exclusion seems to 
be occurring. Within stable areas of sympatry, where these two species can co-exist, 
character divergence and resources partitioning may be occurring. At unstable sympatric 
sites, P. cinereus appears to be able to exclude P. electromorphus leading to the local 
extinction of the later species. At one sympatric site, relative population sizes of both species 
were somewhat stable over the course of these studies and character displacement does not 
appear to be occurring. At this location, the selection of increased aggressive behavior may 
have favored interspecific territoriality, resulting in what appears to be a stable co-existence 
without displacement or resources partitioning. It is possible that resources here are not 
limiting or are not limiting during most of the year, allowing both species to persist. 
In this system, distribution patterns reveal that complex interactions are occurring between 
these two species. In natural communities, the effects of competition may be context 
dependent where other factors may be as, or more important, than the interspecific 
interactions. For example, flooding may promote the process of competitive exclusion, as it 
appears to do in this system. Similarly, predators can suppress densities to chronically low 
levels, so that shared resources never becoming limiting, promoting co-occurrence; but thus 
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far, there is no evidence to address this issue (see below). However, the effect of predators on 
communities of Plethodon is understudied and should be examined. The distribution and 
persistence patterns of sympatry between P. cinereus and P. electromorphus suggest that this 
community responds to community processes in complex ways. Interestingly, both 
competitive exclusion and character displacement could potentially occur between the same 
pair of competing species at different sympatric locations. Applied to community theory as a 
whole, I propose that interactions between competing species and the evolutionary outcomes 
of these interactions may be different depending on other habitat characteristics, such as 
disturbance, or other species interactions, such as predation.  
 
Future Research 
The results of my research shed important light on the distributional overlap of these two 
species, as well as the spatial patterns of behavioral, morphological, and resource use 
variation. Nevertheless, many questions within this system still need to be addressed. As I 
previously mentioned, the role of predation in Plethodon communities is not well understood. 
The reigning theory is that predators have little effect on this system (Hairston 1980, 1987). 
The studies presented here provide a framework to look more specifically at the role of 
predation while understanding competitive interactions as well. For example, the role of 
predators may be different at the different sympatric sites examined for this study. 
Understanding the role of predators may shed some light as to why some sympatric sites 
appear to be stable while at others exclusion or displacement is occurring.  
In addition, there are other species that may be involved in the competitive interactions in 
these communities. Plethodon glutinosis occurs at some of the sites mentioned in this study. 
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This species is a large Plethodon and, in other studies, does not seem to interact aggressively 
toward P. cinereus (Jaeger et al.1998). Besides P. glutinosis, large invertebrate predators, 
such as beetles and centipedes, compete with P. cinereus (Gall et al. 2003; Hickerson et al. 
2004; Anthony et al. 2007). Further studies that are examining the predator community as a 
whole are ongoing (Hickerson and Anthony, personal communication). 
Broadening the scope of the studies presented here may also be able to reveal the 
complexities occurring within this system. Four sympatric areas were studied in detail in 
Chapter 5. In addition to these four sites, other sympatric areas were located and could be 
examined in similar studies. In Chapter 2, I proposed that alpha-selection could be promoting 
the increase in aggression of sympatric animals at one sympatric site. This study could also 
be broadened to include more sympatric areas. Specifically, the areas where I proposed 
exclusion and displacement are occurring could be used for behavioral examination. Using 
more sympatric sites may reveal whether this is a site specific result or whether increased 
aggression occurs in many sympatric locations. Furthermore, I may be better able to 
understand how increased aggression changes (or not) the potential for displacement and 
exclusion. 
Finally, territoriality of P. cinereus and P. electromorphus was not specifically examined 
in this study. To determine whether a species is territoriality requires four lines of evidence: 
(1) a salamander must show attachment to a specific site; (2) this site should be advertised by 
the salamander as its territory; (3) the territory holder should aggressively defend its territory 
with (4) a high probability of excluding competitors (Gergits 1982). In Chapter 2, only the 
third criterion for territoriality was demonstrated. The first criterion could be tested in the 
field using site tenacity experiments where individuals could be removed from their 
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territories and released some distance away to return if they can (Anthony et al. 2002). The 
second criterion could be tested in the field or in a lab to examine whether species deposit 
territorial pheromones on a substrate (Jaeger et al. 1986). The fourth could be tested in the 
field or lab in experiments similar to those used during Chapter 2 and 3 with an adjustment to 
allow escape of an individual after a territorial contest. Similar to tests of territoriality, 
experiments could be conducted to examine whether or not P. cinereus and P. 
electromorphus are interspecifically territorial where they occur in sympatry as was 
suggested in Chapters 3 and 5. Demonstrating that species are aggressive is not sufficient to 
demonstrate territoriality; it is possible that species are aggressive but not territorial and only 
interact aggressively when obtaining food is immediately possible. In addition, territorial size 
may differ. If one species requires a larger territory, the other species may be able to occupy 
a smaller area not suitable for an individual of the first species. Another way in which 
territoriality could differ between species could be in the strength of territoriality. If P. 
cinereus residents are willing to undergo more physical harm than are P. electromorphus, P. 
cinereus would have an advantage during territorial contests that become escalated to biting. 
A third possibility in territorial behavior is the length of time a territory may be held. 
Individuals, of one species may hold territories throughout an entire season or over several 
years, while the other species may only use a territory for a short period of dry weather and 
find a different area during the next dry period. Any information on differences in 
territoriality may help us better understand why some sympatric sites appear to be stable 
while other are not. 
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